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ABSTRACT
F i f t e e n  s im p ly  s u p p o r te d  r e i n f o r c e d  m ic r o c o n c r e te  T'Beams w i th  
l a r g e  o p e n in g s  i n  th e  webs were lo ad ed  m o n o to n ic a l ly  w i th  p o i n t  lo a d s  
to  c o l l a p s e .  The v a r i a b l e s  w e re :  th e  s i z e  o f  th e  o p e n in g s ,  th e  ty p e
o f  l o a d i n g ,  s h e a r  span  r a t i o ,  and ty p e  o f  s p e c i a l  web r e in f o r c e m e n t .
The r e s p o n s e s  o f  th e  beams to  t h e  a p p l i e d  lo ad s  a r e  compared 
w i th  two c o n t r o l  beams and a t h e o r e t i c a l  p r e d i c t i o n .
Beams w i th  t h e i r  o p e n in g s  r e i n f o r c e d  w ith  s p e c i a l  web r e i n f o r c e ­
ment as  d e v e lo p e d  in  t h i s  s tu d y  behaved  v e ry  s i m i l a r  to  beams w i th o u t  
o p e n in g s .  S hear  span r a t i o s  and s i z e  o f  open ings  i n f l u e n c e  th e  s t r e n g t h  
o f  beams w i th  l a r g e  o p e n in g s .  An e m p i r i c a l  fo rm u la ,  which i s  b a se d  on 
th e  r e s u l t s  o f  t h i s  s tu d y ,  f o r  th e  c a l c u l a t i o n  o f  s t e e l  a r e a  o f  s p e c i a l  
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BEHAVIOR AND DESIGN OF REINFORCED CONCRETE 
T-BEAMS WITH LARGE OPENINGS IN THE WEBS
CHAPTER I  
INTRODUCTION
1 .1  G e n e ra l
I n  modern m u l t i s t o r y  b u i l d i n g s  a i r  c o n d i t i o n i n g  d u c t s ,  plumb­
i n g ,  and a c c e s s  o p en ings  consume a s i g n i f i c a n t  amount o f  ex p en s iv e  
s p a c e .  C o n v e n t io n a l ly ,  t h e  t o t a l  s t o r y  h e i g h t  h a s  b e e n  in c r e a s e d  above 
t h e  u s a b l e  s t o r y  h e ig h t  t o  p r o v id e  th e  n e c e s s a r y  sp a c e  and th u s  p r o ­
d u c in g  an  accompanying c o s t  i n c r e a s e .  U n le ss  p r o p e r  p r o v i s i o n  i s  made 
i n  t h e  d e s ig n  f o r  t h e s e  o p e n in g s ,  t h e r e  i s  a r i s k  t h a t  each o f  the  
s u b t r a d e s  w i l l  b lo c k  o u t  f o r  th e  o pen ings  n e c e s s a r y  to  f i t  t h e i r  i n s t a l ­
l a t i o n s ,  and p o s s ib l y  c r i t i c a l l y  weaken th e  s t r u c t u r a l  frame o f  th e  b u i l d ­
i n g .  T h e r e f o r e ,  th e  d e s ig n e r  i s  o f t e n  faced  w i th  th e  n e c e s s i t y  o f  p r o ­
v i d i n g  a d e q u a te  open ings  i n  t h e  s t r u c t u r a l  frame w i th o u t  re d u c in g  lo ad  
c a p a c i t y  o r  exceed ing  a l l o w a b le  d e f l e c t i o n  l i m i t s
U n f o r tu n a t e l y ,  to  d a t e  o n ly  a l i m i t e d  amount o f  r e s e a r c h  c o n ­
c e rn e d  w i th  l a r g e  o p en in g s  in  r e i n f o r c e d  c o n c r e te  f l e x u r a l  members h as  
b e e n  p e rfo rm e d .
1 .2  Survey o f  P re v io u s  S tu d ie s
U n t i l  1962, t h e r e  was e s s e n t i a l l y  no r e s e a r c h  which was d i r e c t l y
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a p p l i c a b l e  to  t h i s  p rob lem . B urton  (4 )*  t e s t e d  to  f a i l u r e  two wide 
s h a l lo w  r e i n f o r c e d  c o n c r e t e  beams s u b j e c t  to  u n i fo rm  lo a d in g  o v e r  an  
1 8 - f t ,  span  w i th  a  n e g a t i v e  r e s t r a i n i n g  moment a t  one end. The t e s t  
specim ens w ere  i d e n t i c a l  i n  a l l  r e s p e c t s  e x c e p t  t h a t  one o f  th e  beams 
h a d  7 X 1 - 3 /8  - in c h  d u c ts  spaced  a t  12 -  in c h  c e n t e r s .  The r e s u l t s  
o f  t h e  t e s t s  made on th e  two beams i n d i c a t e d  t h a t :
A. Embedment o f  d u c ts  d id  n o t  s i g n i f i c a n t l y  red u c e  th e  beam 's  
lo a d  c a r r y i n g  c a p a c i ty  n o r  im p a ir  i t s  pe rfo rm ance  when com­
p a re d  w i th  th e  beam w i th o u t  embedded d u c t s .
B. The m a jo r  d i f f e r e n c e  i n  th e  b e h a v io r  was t h a t  h i g h e r  s t r e s s e s  
d e v e lo p e d  i n  th e  c o m p re ss io n  s t e e l  o f  th e  specim en c o n t a i n ­
in g  th e  d u c t s .
C. At f a i l u r e ,  th e  s t i r r u p s  w ere  more h i g h l y  s t r e s s e d  in  th e  
beam w i th  embedded d u c t s .
D. Load d e f l e c t i o n  r e s p o n s e s  o f  b o th  beams were a lm o s t  i d e n t ­
i c a l  .
N a s s e r ,  e t  a l .  (7) t e s t e d  n in e  r e c t a n g u l a r  r e i n f o r c e d  c o n c r e te  
beams. The f l e x u r a l  r e in f o rc e m e n t  was 3 -#  6 b a r s  ( i . e . ,  s t e e l  p e r c e n t ­
a g e ,  p = 0.85%) w i th  o p en ings  t h a t  red u ced  th e  c r o s s - s e c t i o n  a r e a  from
4 1 .7  to  4 4 .4  p e r c e n t .  The beams d im e n s io n s  w ere 18 -  in c h e s  deep 9 - 
in c h e s  w ide  and 13 f e e t  lo n g ,  th e y  were s u p p o r te d  12 f e e t  on c e n t e r s .
One beam which had  an o pen ing  a t  m id - s p a n ,  was loaded  f i r s t  i n  p u re  
b e n d in g ,  th e n  u n d e r  a c o n c e n t r a t e d  lo ad  a p p l i e d  a t  m id -sp an  o f  i t s  top  
c h o rd  o f  th e  o p e n in g  and f i n a l l y  u n d e r  p u re  b e n d in g  a g a in  u n t i l  f a i l u r e
o g rap h y .
*Number i n  p a r e n th e s e s  r e f e r s  t o  r e f e r e n c e s  l i s t e d  in  th e  B i b l i -
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to o k  p l a c e .  The beam f a i l e d  i n  s h e a r  i n  i t s  s o l i d  p o r t i o n .  A second 
beam w i th  an  o pen ing  was lo a d e d  w i th  a  c o n c e n t r a t e d  lo ad  which was moved 
t o  e i g h t  d i f f e r e n t  p o s i t i o n s .  T h ree  beams, each  c o n ta i n in g  two open ­
i n g s ,  w ere  lo a d e d  w i th  one c o n c e n t r a t e d  lo a d  a t  th e  c e n t e r  o f  th e  sp a n ,  
and t h r e e  companion beam s, each  w i th  one o p e n in g ,  were t e s t e d  by l o a d ­
in g  w i th  one c o n c e n t r a t e d  lo a d  6 - in c h e s  away from th e  o p e n in g .  One 
o f  t h e  t h r e e  companion beams f a i l e d  due to  d i a g o n a l  t e n s i o n  i n  th e  
c h o rd s  and  t h e  o t h e r  two f a i l e d  due to  f l e x u r a l  b e n d in g .  The p u rp o se  
o f  t h i s  r e s e a r c h  was to  s tu d y  th e  fo l lo w in g  a ssu m p tio n s  which were f i r s t  
p ro p o se d  by S egner  (9) from t e s t s  o f  w ide  f l a n g e  s t e e l  members w i th  
l a r g e  o p e n in g s :
1 .  The top  and b o t to m  c r o s s  members o f  th e  o p e n in g  a r e  assumed 
to  behave  s i m i l a r  t o  t h e  cho rds  o f  a  v i e r e n d e e l  p a n e l .
2 .  The c r o s s  members o f  th e  o p e n in g s ,  when th e y  a r e  n o t  s u b ­
j e c t  to  t r a n s v e r s e  l o a d s ,  h av e  c o n t r a f l e x u r e  p o i n t s  a t  
t h e i r  m id -sp an .
3 . The c r o s s  members c a r r y  t h e  e x t e r n a l  s h e a r  i n  p r o p o r t i o n  
to  t h e i r  c r o s s - s e c t i o n  a r e a s .
4 .  T here  i s  a  d i a g o n a l  f o r c e  c o n c e n t r a t i o n  a t  th e  c o r n e r s  i n ­
duced by th e  chord  s h e a r ,  and i t s  m agn itude  i s  d o u b le  th e  
s im p le  s h e a r  f o r c e .
B aker (3) t e s t e d  s i x  r e c t a n g u l a r  r e i n f o r c e d  c o n c r e t e  beam s, t h r e e  
o f  them had  r e c t a n g u l a r  o p e n in g s  r a n g in g  from 2 /3  d to  1 /3  d and th e  
r e m a in in g  members were s o l i d  f o r  co m p ar iso n  p u r p o s e s .  S t e e l  p e r c e n t ­
ag e s  w ere  0 .8 5 ,  1 .6 2  and 2 .6 1  p e r c e n t ,  r e s p e c t i v e l y .  A tw o - p o in t  l o a d ­
in g  s y s te m  was u sed  to  g iv e  a  c o n s t a n t  moment s e c t i o n  th ro u g h  th e  c e n t e r
s e c t i o n  where th e  o p en in g  was p r e s e n t .  B a k e r 's  c o n c lu s i o n s  were as 
f o l lo w s :
A. Openings do n o t  r e d u c e  th e  maximum moment c a p a c i t y .
B. The o p e n in g s  d id  re d u c e  t h e  s t a b i l i t y  o r  r o t a t i o n  c a p a c i ty  
o f  th e  beams, and th e  beams f a i l e d  su d d e n ly  due  t o  a la c k  
o f  s t a b i l i t y  in  t h e  c o m p re s s io n  r e g i o n .
C. Openings d i d  n o t  i n c r e a s e  th e  d e f l e c t i o n s .
Baker s t a t e d :
"U n less  d a t a  to  th e  c o n t r a r y  i s  made a v a i l a b l e ,  no o p e n in g s ,  
even i f  a d e q u a te ly  d e s ig n e d  s h o u ld  be a l lo w e d  i n  r e g io n s  
where h in g in g  i s  l i k e l y  to  o c c u r  i f  th e  s t r u c t u r a l  f ram e­
work sh o u ld  b e  o v e r  lo a d e d .  T h is  s ta t e m e n t  i s  v a l i d  even 
i f  l i m i t  a n a l y s i s  h a s  n o t  b e e n  a p p l i c a b l e  to  t h e  d e s ig n  o f  
t h e  fram ework, b e c a u s e  i t  r e f l e c t s  t h e  o v e r a l l  i n t e g r i t y  
o f  th e  s t r u c t u r a l  sy s te m  and i t s  t r u e  c o l l a p s e  l o a d . "
L o r e n ts e n  (5) t e s t e d  fo u r  i d e n t i c a l  r e i n f o r c e d  T-Beams w i th  open ings  
( 1 2 .4  X 7 1 .0  in c h e s )  a t  th e  m id -sp a n  s e c t i o n .  The f i r s t  member was 
lo a d e d  s y m m e tr ic a l ly  so t h a t  s h e a r  f o r c e  be tw een  th e  lo a d  p o i n t s  was 
z e r o .  The mode o f  f a i l u r e  was y i e l d i n g  o f  th e  m ain  r e i n f o r c e m e n t .  The 
second  beam was a l s o  lo ad e d  w i th  two p o i n t  l o a d s ,  b u t  u n s y m m e tr ic a l ly , 
so t h a t  s h e a r  f o r c e  was p r e s e n t  o v e r  t h e  o p e n in g .  The beam f a i l e d  due 
to  y i e l d i n g  o f  th e  m ain  r e i n f o r c e m e n t .  The l a s t  two beams were loaded  
a t  o n ly  one o f  th e  t h i r d  p o i n t s .  Both  beams f a i l e d  due t o  c o r n e r  c r a c k ­
in g .  L o r e n ts e n  assumed t h a t  t h e  b o t to m  chord  was s u b j e c t  to  t e n s io n  
o n ly .  He d e r i v e d  a  s o l u t i o n  b a se d  on th e  Theory o f  E l a s t i c i t y  fo r  th e  
i n f l u e n c e  l i n e  o f  moment a t  any  l o c a t i o n  in  t h e  u p p e r  c h o rd .
1 .3  D is c u s s io n
B u r t o n 's  (4) c o n c lu s io n  t h a t  embedment o f  d u c ts  w i l l  n o t  i n f l u e n c e  
beam s t r e n g t h  i s  b a se d  on th e  fo l lo w in g  r e s t r i c t i o n s :
A. The s i z e  o f  th e  d u c ts  a r e  s m a l l .
B. The beam i s  n o t  a t r u e  T-Beam b u t  a r e c t a n g u l a r  s e c t i o n  r e ­
i n f o r c e d  f o r  t e n s i o n  o n ly .
C. The d u c ts  a r e  p la c e d  i n  th e  t e n s i o n  zone.
U n le s s  t h e s e  r e s t r i c t i o n s  and l i m i t a t i o n s  a r e  u n d e r s to o d ,  f a u l t y  
d e s ig n  c o u ld  r e s u l t .
The beam t e s t s  o f  N a s s e r ,  e t  a l .  (7) were l i m i t e d  by th e  f o l ­
low ing c o n d i t i o n s  :—  -
(a )  The p e rc e n ta g e  o f  th e  m ain  r e in f o r c e m e n t  was low (0.82%) 
f o r  a l l  th e  beams.
(b) The a u th o r  d id  n o t  c o n s id e r  th e  e f f e c t s  o f  t h e  s i z e  o f  
o p e n in g .
(c)  L o a d - d e f l e c t i o n  r e s p o n s e s  w ere n o t  compared.
L o r e n ts e n  (5) t e s t e d  o n ly  fou r  r e i n f o r c e d  c o n c r e te  beams, i d e n t ­
i c a l  in  a l l  r e s p e c t s ,  w i th  m ain  r e in f o r c e m e n t  p e rc e n ta g e  e q u a l  t o  0 . 8  
p e r c e n t .  No l o a d - d e f l e c t i o n  re s p o n s e s  w ere r e p o r t e d .
I n  summary, t h e r e  a r e  many p a ra m e te r s  which may i n f l u e n c e  th e  
s t r e n g t h  and b e h a v io r  o f  r e i n f o r c e d  c o n c r e t e  beams w i th  o p e n in g s .  A 
l i s t  o f  t h e s e  p a ra m e te r s  would p ro b a b ly  in c lu d e  th e  fo l lo w in g :
(a) Type and amount o f  r e in f o r c e m e n t  a round  th e  o p e n in g s .
(b) Type o f  lo a d in g  ( e . g . ,  o n e - p o i n t  l o a d ,  tw o -p o in t  lo a d in g ,  
u n i fo rm ly  d i s t r i b u t e d  lo a d ,  sy m m e tr ic a l  o r  u n sy m m e tr ic a l  
l o a d i n g ) .
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(c)  Shape o f  th e  c ro s s  s e c t i o n  o f  beams ( e . g . , r e c t a n g u l a r ,  
T-Beam e t c . )
(d) A b s o lu te  v a lu e s  o f  d im ens ions  o f  t h e  c ro s s  s e c t i o n  ( e . g . ,  
d , b , b ' ) .
(e)  M a t e r i a l s  q u a l i t i e s .
( f )  P e r c e n ta g e  o f  s t e e l .
(g) S u p p o r t  c o n d i t io n  (s im p ly  s u p p o r t e d ,  c o n t in u o u s ,  e t c . ) .
(h) Load h i s t o r y .
I t  sh o u ld  be n o te d  t h a t ,  i n  a t e s t  p r o j e c t  d e s ig n e d  to  s tu d y  th e  
i n f l u e n c e  o f  th e  above f a c t o r s  and assum ing each  f a c t o r  a t  f o u r  l e v e l s  
would r e q u i r e  s e v e r a l  thousand  specim ens t o  e s t a b l i s h  a r e a s o n a b le  d e ­
g re e  o f  c o n f id e n c e  i n  th e  d e s ig n  o f  o p e n in g s .  One may e a s i l y  co n c lu d e  
from a  s tu d y  o f  th e  t e s t s  which have  b een  c a r r i e d  o u t  to  d a te  t h a t  th e  
p ro b lem  o f  o p e n in g s  i n  r e i n f o r c e d  c o n c r e t e  beams i s  as y e t  p o o r ly  u n d e r ­
s to o d .
1 .4  C u r r e n t  Recommended P r a c t i c e  _
At p r e s e n t ,  t h e  most w id e ly  r e c o g n iz e d  c o n d ify in g  body f o r  d e ­
s ig n  o f  r e i n f o r c e d  c o n c r e te  s t r u c t u r e s  i n  t h i s  c o u n t r y ,  th e  Am erican 
C o n c re te  I n s t i t u t e ,  h a s  i n d i c a t e d  a  d e a r t h  o f  in fo r m a t io n  c o n c e rn in g  
th e  s u b j e c t  m a t t e r  d i s c u s s e d  h e r e  by o f f e r i n g  no s p e c i f i c a t i o n s ,  p r o ­
c e d u r e s ,  o r  recom m endations . However, t h i s  sh o u ld  n o t  p r e v e n t  th e  d e ­
s i g n e r  from d e s ig n in g  r e i n f o r c e d  c o n c r e te  beams w i th  l a r g e  o pen ings  p r o ­
v i d i n g  a d e q u a te  t e s t  d a ta  a re  a v a i l a b l e .
1 .5  O b j e c t i v e s  and Scope
The p r im a ry  o b j e c t i v e s  f o r  t h i s  r e s e a r c h  p r o j e c t  were a s  fo l lo w s ;
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( a )  To d e te rm in e  th e  m ost e f f e c t i v e  ty p e  o f  r e in f o r c e m e n t  a -  
round th e  o p e n in g s .
(b )  To d e te rm in e  th e  amount o f  r e in f o rc e m e n t  w i th  r e s p e c t  to  
th e  l e n g th  o f  o p e n in g s ,
( c )  To d e te rm in e  th e  e f f e c t  o f  lo a d in g  ty p e  ( e . g . ,  o n e - p o in t
and tw o - p o in t  l o a d i n g ) .
(d )  To d e te rm in e  th e  e f f e c t  o f  v a r i a t i o n s  i n  s h e a r  s pan  ( a / d ) .
( e )  To s tu d y  th e  e f f e c t s  o f  m u l t i p l e  o p e n in g s .
( f )  To s tu d y  and d e v e lo p  a t h e o r e t i c a l  approach  to  p r o v id e
a d e q u a te  r e in f o r c e m e n t  f o r  l a r g e  o p en in g s  i n  r e i n f o r c e d  
c o n c r e te  T-Beams.
The scope  o f  t h e  e x p e r im e n ta l  program  u n d e r ta k e n  h a s  b een  l i m i t e d  
to  th e  o b s e r v a t i o n  o f  l o a d - d e f l e c t i o n ,  m o m e n t- ro ta t io n  r e s p o n s e s  and 
f a i l u r e  mechanism s o f  15 r e i n f o r c e d  m ic r o c o n c r e te  s im p le  span  model T- 
Beams lo a d e d  m o n o to n ic a l ly  w i th  p o i n t  lo a d s  to  c o l l a p s e .  A l l  o f  th e  
m odel beams t e s t e d  had  a c o n s t a n t  beam s e c t i o n .
The d e p th  o f  th e  o p e n in g s  a s  compared to  th e  d e p th  o f  th e  beam 
was l i m i t e d  t o  a r a t i o  o f  0 .4 5  and th e  v e r t i c a l  l o c a t i o n  o f  th e  o p en ings  
was c o n s t a n t .  The v a r i a b l e s  w ere  l e n g t h  o f  th e  o p e n in g s ,  ty p e  o f  l o a d ­
in g ,  and s h e a r  span .
1 .6  N o t a t i o n s
A = Area o f  c o n c r e te  c
A = Area o f  t e n s i l e  r e in f o r c e m e n t  s
A = Area o f  s h e a r  r e in f o r c e m e n t  
v
a = Shear  span ( l e n g t h  o f  r e g i o n  o f  c o n s t a n t  s h e a r )
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b = W idth o f  c r o s s  s e c t i o n  
= Web w id th  i n  T " s e c t io n  
C = Com pression  fo rc e  pounds
= Modulus o f  e l a s t i c i t y  o f  s t e e l  
f^  = Com pressive  s t r e n g t h  o f  c o n c r e te
f  = T e n s i l e  s t e e l  s t r e s ss
f  = S t r e s s  i n  web r e in f o r c e m e n t
V
f  = Y ie ld  p o i n t  o f  s t e e l
y
= I n t e r n a l  moment 
L = Length  o f  beam 
M = Bending moment i n - l b  
M = Y ie ld  b e n d in g  moment i n - l b
y
n  = E /E s c
R = R e a c t io n
S = S pac ing  o f  web r e i n f o r c e m e n t  a lo n g  l o n g i t u d i n a l  a x i s  o f  member 
T = F o rc e  in  t e n s i o n  r e in f o r c e m e n t  
t  = T o ta l  d e p th  o f  th e  s e c t i o n
V = T o ta l  s h e a r  fo rc e
V = Shear  f o r c e  c a r r i e d  by c o n c r e te  c
V = T o ta l  u l t i m a t e  s h e a r  u
^u'^ = U l t im a te  s h e a r  c a r r i e d  by th e  s p e c i a l  web r e in f o r c e m e n t  
y  = S hea r  s t r e s s
= U l t im a te  s h e a r  s t r e s s  
a  = I n c l i n a t i o n  .o f  web r e in f o rc e m e n t  
Q = C a p a c i ty  r e d u c t i o n  f a c t o r
CHAPTER I I
DESIGN OF THE TEST SPECIMENS
2 .1  P r o to t y p e  A n a ly s is
The d im en s io n s  o f  p r o t o t y p e  T-Beams may v e ry  w i t h i n  w ide l i m i t s  
i n  m u l t i s t o r y  b u i l d i n g s .  T h e r e f o r e ,  t h e  d im en s io n s  o f  t h e  T-Beam t e s t  
specim ens f o r  t h i s  s tu d y  were s e l e c t e d  to  b e  i n  th e  g e n e r a l  ran g e  o f  
t h o s e  o c c u r r in g  m ost f r e q u e n t l y  i n  l a r g e  fram ed s t r u c t u r e s .  Thus th e  
fo l lo w in g  c o n s t a n t s  were p r e s e l e c t e d :
(a )  Width o f  web t o  d e p th  r a t i o  ( b ' / t )  o f  0 .5 0 .
(b )  Four in c h  s l a b  t h i c k n e s s .
(c )  Depth span  r a t i o  ( t / L )  o f  0 .1 0 .
(d) The p e rc e n ta g e  o f  m ain  r e in f o r c e m e n t  (p) o f  1 .2 2 .
(e )  Depth o f  th e  o p e n in g  to  d e p th  o f  th e  beam r a t i o  o f  0 .4 5 .
The v a r i a b l e s  f o r  t h e  p rogram  w ere :
(a )  Leng th  o f  th e  o pen ing  to  d e p th  o f  th e  beam r a t i o  ( l i m i t e d  
to  0 . 5 ,  1 .0 ,  1 . 5 ) .
(b )  Shear  span ( a / d )  r a t i o  ( l i m i t e d  t o  3 . 8 ,  5 .4 ,  7 . 2 ) .
(c )  Type o f  lo ad  ( o n e - p o in t  and tw o -p o in t  lo a d in g  f o r  one s i z e  
o f  o p e n in g ) .
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2 .2  S t r u c t u r a l  E n g in e e r in g  Use o f  Models
(a) G e n e ra l
The c o n c e p t  o f  u s in g  a r e d u c e d  s c a l e  member c o n s t r u c t e d  from 
t h e  same m a t e r i a l s  a s  u sed  i n  t h e  p r o t o t y p e  i n  t h e  t e s t s  o f  i n d i v i d u a l  
s t r u c t u r a l  members h a s  been  f a i r l y  w id e ly  a c c e p te d  as  a sound b a s i s  f o r  
s t r u c t u r a l  r e s e a r c h  p u rp o s e s .
Alami and F e rg u so n  (2) u se d  a  s e r i e s  o f  beams w i th  v a r i o u s  s c a l e  
f a c t o r s  down to  0 .2 2 1 5  i n  a s tu d y  o f  th e  r e l i a b i l i t y  o f  model t e s t i n g  
t e c h n i q u e s .  F a i l u r e  modes, c r a c k in g  s i m i l i t u d e ,  l o a d - d e f l e c t i o n  r e ­
s p o n s e ,  and l o a d - s t r a i n  c h a r a c t e r i s t i c s  w ere  s t u d i e d  and shown to  be 
i n  good a g reem en t  f o r  th e  v a r io u s  s c a l e s  w i th  t h e  e x c e p t io n  o f  th e  c a s e s  
i n  which bond s t r e s s e s  had  an i n f l u e n c e  on  th e  f a i l u r e .
(b) Theory o f  Models 
A model i s  a  d e v ic e  which i s  so r e l a t e d  to  a p h y s i c a l  sy s tem  
t h a t  o b s e r v a t i o n s  on th e  model may be u s e d  to  p r e d i c t  a c c u r a t e l y  th e  
p e r fo rm a n c e  o f  t h e  p h y s i c a l  sys tem  o f  p r o t o t y p e  d im e n s io n s .
The m ethods o f  s t r u c t u r a l  model t e s t i n g  a r e  g e n e r a l l y  r e f e r r e d  
to  as  " D i r e c t "  o r  " I n d i r e c t " .  The d i r e c t  m ethod , which was u s e d  i n  t h i s  
r e s e a r c h  p ro b le m , g e n e r a l l y  employs a t r u e - t o - s c a l e  model w hich  r e p r o ­
d u ces  th e  p r o t o t y p e  t o  a c o n s t a n t  l i n e a r  s c a l e  w i th  on ly  m ino r  d e t a i l s  
( \d i ich  do n o t  a f f e c t  the  s t r u c t u r a l  b e h a v io r  o f  th e  p r o to ty p e )  o c c a s ­
i o n a l l y  o m i t t e d .  In  th e  d i r e c t  method o f  a n a l y s i s  a l l  o f  th e  im p o r ta n t  
d im e n s io n s  o f  th e  p r o to ty p e  a r e  red u ced  by an  a r b i t r a r y  s c a l e  f a c t o r  ( f )  
P r o to t y p e  s t r e s s e s ,  s t r a i n ,  moment, d e f l e c t i o n ,  e t c .  may th e n
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be  d e te rm in e d  from o b s e r v a t i o n s  o f  th e  model when i t  i s  s u b j e c t e d  to  th e  
a p p r o p r i a t e l y  s c a l e d  l o a d i n g s .  The soundness  o f  t h e  p ro c e d u r e  i s  v e r ­
i f i e d  by th e  laws o f  s i m i l i t u d e  (1 ,  6 , 8 ) .
I n  o r d e r  to  e s t a b l i s h  s i m i l a r i t y  be tw een  p r o to t y p e  and model 
s t r u c t u r e s  t h r e e  c o n d i t i o n s  a r e  n e c e s s a r y  and s u f f i c i e n t  ( 2 ) ;  (a )  geo ­
m e t r i c ,  (b) k in e m a t i c ,  and (c )  m ec h a n ic a l  s i m i l i t u d e s .  The f i r s t  con­
d i t i o n  i s  s a t i s f i e d  i f  some c o n s t a n t  r a t i o  e x i s t s  be tw een  l i n e a r  dim­
e n s io n s  i n  b o th  s t r u c t u r e s .  The second  c o n d i t i o n  i s  s a t i s f i e d  i f  a n a l ­
ogous p o i n t s  i n  th e  p r o t o t y p e  and th e  model can  be  l o c a t e d  by a p p l i c a t i o n  
o f  some c o n s t a n t  r a t i o  a t  any  t im e f o r  t h e  e n t i r e  lo ad  c y c l e .  The t h i r d  
c o n d i t i o n  r e q u i r e s  t h a t  s u r f a c e  f o r c e s  and body f o rc e s  be  e x p r e s s i b l e  
i n  te rm s  o f  some c o n s t a n t  r a t i o .
The r e l a t i o n s h i p s  o f  s i m i l i t u d e  n e c e s s a r y  f o r  t h i s  s tu d y  a r e :
d = f  d W = f  W / f
m r  p m E p r
°p %  -  %
e  = e  E = fL Em p m E p
^  = h  %  K - f t .
Where
f  = m e c h a n ic a l  s c a l e  f a c t o r
P = f o r c e / u n i t  a r e a  
W = u n i t  w e ig h t  
U = d i s p la c e m e n t  
6  = s t r a i n  
|i = P o i s s o n ' s r a t i o
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m ,p , ( s u b s c r i p t s )  = m odel,  p r o to ty p e
f  = l i n e a r  s c a l e  f a c t o r  r
2 .3  P r o to ty p e  V ersus  Model C o r r e l a t i o n s
The l i n e a r  s c a l e  f a c t o r  ( f^ )  s e l e c t e d  f o r  t h i s  s tu d y  was 0 .273
and th e  m e c h a n ic a l  f a c t o r  ( f  ) was c o n s id e r e d  to  be  equa l  to  u n i t y  (a s£4
commonly assumed by many i n v e s t i g a t o r s ) .
The laws o f  s i m i l i t u d e  may be  s i m p l i f i e d  and a p p l i e d  t o  t h i s
s tu d y  a s  f o l lo w s :  a v a r i a b l e  i n  th e  model i s  e q u iv a l e n t  to  "K" t im es
th e  same v a r i a b l e  i n  th e  p r o to t y p e ,  where "K" i s  g iv en  i n  T ab le  2 .1 .
V a r ia b l e  K
L in e a r  d im ension  and d e f l e c t i o n  0 .273
S t r e s s e s  and s t r a i n s  1
C o n c e n t ra te d  lo ad  0 .0745
Dead w e i g h t / l i n e a r  d im en s io n  0 .0745
Modulus o f  e l a s t i c i t y  1
T ab le  2 .1  S i m i l i t u d e  f a c t o r s  f o r  t h i s  s tu d y .
2 .4  Model D im ensions and R e in fo rcem en t
F o llo w in g  th e  d im ension  p r o p o r t i o n s  g iv e n  i n  P r o to ty p e  A n a ly s is  
th e  d im e n s io n s  and r e in f o rc e m e n t  f o r  a  p r o to t y p e  T-Beam were s e l e c t e d .  
-Thus, th e  model T-Beams were p r o p o r t i o n e d  by a p p ly in g  th e  l i n e a r  s c a l e  
f a c t o r  o f  0 .2 7 3  to  a l l  o f  th e  l i n e a r  d im ens ions  o f  th e  p r o t o t y p e .  A 
t y p i c a l  s e c t i o n  w i th  d im ensions  f o r  b o th  th e  p r o to ty p e  and model i s  
shown i n  F ig u re  2 .1 .
3 .65  "
u>
svA/a /3  Æ) h o
ii .o
T o t a l  L ength  22 F t / 6  F t  
S u p p o r te d  L ength  18 .3  F t / 5  F t
F ig u r e  2 .1  T y p ic a l  C r o s s - S e c t io n  Showing R e in fo rc e m e n t  and D im ens ions .  The top
and Bottom D im ensions a r e  f o r  t h e  P r o to ty p e  and Model R e s p e c t i v e l y .
CHAPTER I I I  
EXPERIMENTAL PROGRAM FOR THIS STUDY
3 .1  G e n e ra l
F i f t e e n  r e i n f o r c e d  m ic r o c o n c r e t e  s im p ly  s u p p o r te d  T-Beams h a v in g  
l a r g e  o p e n in g s  were c o n s t r u c t e d  and lo a d e d  m o n o to n ic a l ly  to  c o l l a p s e  
w i th  c o n c e n t r a t e d  ty p e  l o a d i n g s .
H y d r a u l i c  rams were u se d  f o r  a p p ly in g  lo a d s .  A f t e r  a p p l i c a t i o n  
o f  each  l o a d i n g  in c re m e n t ,  t h e  lo a d  was m a in ta in e d  c o n s t a n t  a s  v e r t i c a l  
and r o t a t i o n a l  d i s p la c e m e n ts  were r e c o r d e d .  C ra c k in g  o f  t h e  beams was 
o b s e rv e d  and marked f o r  each lo a d  in c r e m e n t .  S e q u e n t i a l  c r a c k in g  i n ­
fo rm a t io n  was r e c o r d e d  by means o f  p h o to g ra p h s  o f  th e  beam s.
3 .2  Model C o n s t r u c t io n
(a )  The Form Work
The form work f o r  T-Beams was made o f  plywood c o v e re d  on th e  
i n s i d e  by s h e e t  m e ta l  in  o r d e r  to  k e e p  th e  m o is tu r e  i n  t h e  c o n c r e t e  and 
away from t h e  p lywood. The form was c le a n e d  p r i o r  t o  c a s t i n g  and was 
o i l e d  w i t h  com m erc ia l  form o i l .  Rubber pads  w ere used  a s  " b lo c k  o u t s "  
f o r  t h e  o p e n in g  a s  shown i n  F ig u re  3 . 8  d .
(b) The R e in fo rc em e n t
The r e in f o r c e m e n t  was t i e d  a c c o r d in g  t o  the  p a t t e r n s  shown in
F i g u r e s  3 .1  th ro u g h  3 .8 .  The r e i n f o r c e m e n t  a round  th e  o p e n in g s  was
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F ig u re  3 .6  Beams Type D R e in fo rc e m e n t  and D im ensions
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( a )  Beams A-1 and B-1
(b) Beams A -2-1 and A-2-2
(c) Beam C-2
(d) Beam C-2
F ig u re  3 .7  R e in fo rc em e n t  o f  Beams 
A -1 , B -1 , A -2 -1 ,  A-2-2  and C -2 .
2 2
(a )  Beam E-1
(b) Beam E-3
(c )  Beam E-2
(d) Beam D-1
F ig u re  3 .8  R e in fo rc em e n t  o f  Beams 
E -1 ,  E -2 ,  E-3 and D -1 ,
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asse m b le d  by w e ld in g  a s  shown i n  F ig u re  3 .8 .
I n  g e n e r a l  th e  p r i n c i p a l  l o n g i t u d i n a l  r e in f o rc e m e n t  u se d  i n  th e  
model T-Beams was made up from #3 b a r s .  T e s ts  on specim ens o f  t h i s  b a r  
( F ig u r e  C -1 ,  Appendix C) y i e l d e d  th e  fo l lo w in g  p r o p e r t i e s :  y i e l d  p o i n t -
5 7 .3  K s i ,  t h e  u l t i m a t e  s t r e n g t h  -  8Q.0 K s i ,  and p e rc e n ta g e  e lo n g a t io n  - 
17.3%. The r e in f o r c e m e n t  a round  th e  open ing  was a l s o  f a b r i c a t e d  from 
#3 b a r s .  T e s t s  on t h i s  b a r  i n d i c a t e d  a y i e l d  p o i n t  o f  51 .3  K s i ,  and 
an  u l t i m a t e  s t r e n g t h  o f  74 .6  K s i .  R e in f o r c in g  b a r s  (#2) u se d  in  b e a m ^  
A -3-1  had  a y i e l d  p o i n t  o f  56 .0  K s i  and an u l t i m a t e  s t r e n g t h  o f  77 .3  
K s i  ( F ig u r e  C -3 , Appendix C ) . T e s t s  on smooth b l a c k  a n n e a le d  w ire  
(AISI C 1008) 0 .0915  i n .  d ia m e te r  ( s t e e l  w ire  gage - SWG 13) gave a 
y i e l d  p o i n t  o f  2 8 .3  K s i ,  an  u l t i m a t e  s t r e n g t h  o f  4 7 .1  K s i ,  and a  p e r ­
c e n ta g e  e l o n g a t i o n  o f  35.0% (F ig u r e  C-2 , Appendix C ) . T h is  w i r e  was 
u se d  as  s t i r r u p s  and as  s la b  r e in f o r c e m e n t  f o r  th e  T-Beam f l a n g e s .
(c )  M ic ro c o n c re te
A s e r i e s  o f  t e s t s  were i n i t i a l l y  perfo rm ed  to  d e te rm in e  the  
p r o p o r t i o n s  r e q u i r e d  to  p roduce  a  m ic ro c o n c re te  m ix tu re  w i th  a d e s ig n  
s t r e n g t h  o f  3000 p s l .  These t e s t s  i n d i c a t e d  t h a t  l o c a l  g r a v e l  and sand 
w i th  m a t e r i a l s  g r e a t e r  t h a n  3 /8  removed in  c o m b in a tio n  w ith  w a te r  and 
Type I I I  P o r t l a n d  cement i n  th e  p r o p o r t i o n s  0 . 7 4 : 1 . 0 : 2 . 0 : 2 . 0  (w a te r  : 
cem ent : sand  : g r a v e l )b y  w e ig h t  would y i e l d  a w orkab le  m ix tu re  w i th  a 
7 -day  s t r e n g t h  o f  a p p ro x im a te ly  3000 p s i .  Q u a l i ty  c o n t r o l  fo r  th e  
m ic r o c o n c r e t e  was m a in ta in e d  by t e s t i n g  fou r  3 .3  x  6 .0 "  c y l i n d e r s  c a s t  
from each  b a tc h  used  to  c a s t  a beam.
(d) F a b r i c a t i o n  and C uring
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The c o n c r e t e  in  th e  beams was v i b r a t e d  w i th  a n  i n t e r n a l  v i b r a t o r .  
The top  s u r f a c e  was s c re e d e d  to  th e  l e v e l  o f  th e  to p  o f  th e  form work 
and f i n i s h e d  w i th  a  s t e e l  t r o w e l .  The beam and th e  companion c y l i n d e r s  
w ere co v e re d  w i th  G r i f f o l y n  p l a s t i c  s h e e t i n g  m a t e r i a l  im m ed ia te ly  a f t e r  
f i n i s h i n g .  T w e n ty - fo u r  h o u rs  a f t e r  p la c e m e n t  th e  c y l i n d e r s  w ere  s t r i p ­
ped and p l a c e d  on to p  o f  th e  t e s t  sp ec im en ,  s t i l l  u n d e r  th e  p l a s t i c  
s h e e t i n g .  The beam was removed from th e  form s in  two to  s i x  days a f t e r  
c a s t i n g  and was th e n  co v e red  w i th  th e  p l a s t i c  s h e e t .  The beam was c h e c k ­
ed each day and w e t te d  i f  n e c e s s a r y .
(e)  D im ensions
D im ensions o f  a l l  t h e  t e s t  spec im ens  a r e  shown in  F ig u r e s  3 .1  
th rough  3 .6 .
A d e t a i l e d  com parison  o f  t h e  a g reem en t  be tw een  th e  d e s ig n  and 
a s - b u i l t  d im e n s io n s  o f  th e  beams, i s  p r e s e n t e d  in  Appendix B.
3 .3  I n s t r u m e n t a t i o n
(a)  G e n e ra l
The p r im a ry  aim o f  th e  d e s ig n  o f  t h e  i n s t r u m e n t a t i o n  f o r  th e  
t e s t  beams o f  t h i s  s tu d y  was to  p r o v id e  d a t a  which i l l u s t r a t e  l o a d -  
v e r t i c a l - d e f l e c t i o n  r e sp o n se  o f  s e l e c t e d  p o i n t s  on th e  top  o f  th e  mo­
d e l s  and m o m e n t - r o ta t io n  re s p o n s e  f o r  s e c t i o n s  a lo n g  the  beams. The 
v e r t i c a l  d e f l e c t i o n  d a ta  were o b t a in e d  from  o b s e r v a t io n s  o f  d i a l  gages 
mounted on a frame which was in d e p e n d e n t ly  su p p o r te d  and th u s  f r e e  from 
th e  i n f l u e n c e  o f  t h e  lo a d in g .
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(b) D e f l e c t i o n  Systems
V e r t i c a l  d e f l e c t i o n s  w ere  r e c o r d e d  a t  each  lo a d in g  in c re m e n t  
f o r  f o u r t e e n  p o i n t s  a lo n g  th e  c e n t e r  l i n e .  The l o c a t i o n s  o f  t h e  d i a l  
gages  w ere such t h a t  th e  d i s t a n c e s  a lo n g  th e  span  be tw een  th e  gages 
and o v e r  th e  o p en in g  were a p p ro x im a te ly  1% in c h e s  and th o s e  away from 
th e  o p e n in g  w ere 9 in c h e s  as  shown i n  F ig u re  3 ,1 0 .
One d i a l  gage was mounted d i r e c t l y  o v e r  each  s u p p o r t  on th e  
top  s u r f a c e  o f  t h e  beam. The r e l a t i v e  d e f l e c t i o n s  o f  th e  i n t e r m e d i a t e  
p o i n t s  a lo n g  th e  span  were o b ta in e d  by  d e d u c t in g  th e  s u p p o r t s  d e f l e c t ­
i o n s .  To o b t a i n  t h e s e  d e f l e c t i o n s  o n e - th o u s a n d th  in ch  l e a s t  co u n t  
d i a l  gages  w ere mounted on a frame w hich was s u p p o r te d  in d e p e n d e n t ly .
3 .4  M om ent-R o ta t ion  Response
M o m e n t - ro ta t io n  r e s p o n s e  was m easured  by a R o t a t i o n  M ete r  s p e c ­
i a l l y  d e s ig n e d  and b u i l t  o f  two yokes  each  made o f  two a n g le s  and two 
r o d s .  Both yokes  were f i t t e d  a g a i n s t  th e  c r o s s  s e c t i o n  o f  t h e  beam 
p e r p e n d i c u l a r  to  th e  c e n t e r  l i n e  and 3 .5  in c h e s  a p a r t .  The r o t a t i o n  
o f  t h e  s e c t i o n  be tw een  th e  two yokes d e c r e a s e s  th e  d i s t a n c e  be tw een  
th e  two yokes  on th e  top and i n c r e a s e s  i t  a t  th e  b o t to m . To o b t a i n  
t h i s  h o r i z o n t a l  movement, t e n - t h o u s a n d t h  in c h  l e a s t  c o u n t  d i a l  gages  
w ere mounted a t  th e  top  and b o t to m  o f  one o f  th e  y o k e s .  The d i a l  gage 
p lu n g e r  was t h e n  b ro u g h t  i n t o  c o n t a c t  w i th  s i m i l a r l y  l o c a t e d  p o i n t s  
on th e  o t h e r  yoke (F ig u re  3 . 9 ) .
The r e l a t i v e  d e f l e c t i o n  o f  th e  to p  and b o t to m  d i a l  gages  was 
u se d  to  o b t a i n  t h e  r o t a t i o n  o f  th e  beam a c c o r d in g  to  th e  f o l l o w in g ;
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L e t  0  e q u a l  m inus ^  d iv id e d  by t  i . e .
£  -  6
/  =  b_
t
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Where
= U n i t  s t r a i n  a t  th e  lo w e s t  f i b e r  o f  t h e  c ro s s  s e c t i o n  
6  ^ = U n i t  s t r a i n  a t  th e  u p p e r  m ost f i b e r  o f  th e  c r o s s  
s e c t i o n
= D e f l e c t i o n  re c o rd e d  from th e  top  d i a l  gage
= D e f l e c t i o n  r e c o rd e d  from th e  b o t to m  d i a l  gage 
h  = H o r i z o n t a l  d i s t a n c e  be tw een  th e  two yokes 
L = The v e r t i c a l  d i s t a n c e  be tw een  th e  two d i a l  gages
3 .4  Loading
I n  th e  f i r s t  phase  o f  th e  e x p e r im e n ta l  program  the  t e s t  s p e c i ­
mens w ere lo ad e d  w i th  a s i n g l e  c o n c e n t r a t e d  lo ad  which was a p p l i e d  by 
a h y d r a u l i c  ram . T h is  ram was c o n t r o l l e d  by a pump which was equ ipped  
w i th  a 5 ,0 0 0  p s i  p r e s s u r e  gage. The load  was m o n i to re d  by both  th e  
p r e s s u r e  gage and a s e l f - t e m p e r a t u r e  c om pensa ting  lo a d  c e l l  w i th  read  
o u t  tak e n  on a p o r t a b l e  s t r a i n  i n d i c a t o r .  The s t a t i c  check p ro v id e d  
by th e  p r e s s u r e  gage and th e  lo ad  c e l l  d e m o n s t ra te d  e x c e l l e n t  c o n t r o l  
o f  a p p l i e d  l o a d i n g s .  The lo a d in g  system  ( h y d r a u l i c  pump, ram, p r e s ­
s u re  gage and lo a d  c e l l )  was c a l i b r a t e d  by com parison  w i th  a u n i v e r s a l  
t e s t i n g  m achine  which had p r e v io u s ly  been  c a l i b r a t e d .  P r e c i s i o n  w e l l  
beyond th e  l e a s t  d i v i s i o n  o f  th e  re a d  o u t  equ ipm ent was i n d i c a t e d  by 
a l i n e a r  l e a s t  s q u a re s  f i t  o f  th e  c a l i b r a t i o n  d a t a .
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For t h e  second phase  o f  t h i s  s tu d y  th e  lo a d in g  system  c o n s i s t e d  
o f  two i d e n t i c a l  h y d r a u l i c  rams and a s i n g l e  h y d r a u l i c  pump. Thus two 
c o n c e n t r a t e d  lo a d s  were a p p l i e d  to  th e  t e s t  spec im ens .  Two c a l i b r a t e d  
load  c e l l s  w i t h  r e a d  o u t  tak e n  on a p o r t a b l e  s t r a i n  i n d i c a t o r  equ ipped  
w i th  a sw i tc h  and b a la n c e  u n i t  were used  to  m o n i to r  th e  two lo a d in g s .
The two lo a d in g  c e l l s ,  th e  s t r a i n  i n d i c a t o r  and th e  sw i tc h  and 
b a la n c e  u n i t  a r e  shovm in  F ig u re  3 .1 1 .  Load l o c a t i o n s  fo r  each beam 
a r e  shown in  F ig u r e s  3 .2  th rough  3 .6 .
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F ig u re  3 .9  R o t a t i o n  M eter
....
Figure 3.10 Deflection System
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I #  SD 1k
F ig u re  3 .1 1  Load c e l l s ,  s t r a i n  i n d i c a t o r  
and s w i tc h  and b a la n c e  u n i t .
Figure 3.12 Beam curing.
CHAPTER IV 
PRESENTATION OE EXPERIMENTAL RESULTS
4 .1  G e n e ra l
The o b j e c t i v e s  o f  t h i s  s tu d y  as  s t a t e d  i n  C h a p te r  I  were to  i n ­
v e s t i g a t e  t h e  b e h a v io r  o f  r e i n f o r c e d  m ic r o c o n c r e te  T-Beams w i th  l a r g e  
o p e n in g s  w i th  and w i th o u t  s p e c i a l  web r e i n f o r c e m e n t .  The v a r i a b l e s  
w ere ;  t h e  s i z e  o f  o p e n in g s ,  t h e  ty p e  o f  l o a d in g ,  th e  s h e a r - s p a n  r a t i o  
and p e r c e n ta g e  o f  s p e c i a l  web r e i n f o r c e m e n t ,  A d e t a i l e d  e x p l a n a t i o n  
o f  c o d in g  n o t a t i o n s  used  i n  d e s c r i b i n g  th e  f i f t e e n  beams t e s t e d  i n  
t h i s  s tu d y  i s  g iv e n  in  T ab le  4 -1 .
F i f t e e n  models o f  r e i n f o r c e d  m ic r o c o n c r e t e  s im ply  s u p p o r te d  T- 
Bearns w ere  lo ad e d  m o n o to n ic a l ly  to  f a i l u r e  by a p p ly in g  one o r  two- 
p o i n t  l o a d i n g s .  The l o a d - d e f l e c t i o n  and m o m e n t- ro ta t io n  r e s p o n s e s  o f  
t h i r t e e n  beams were compared w i th  two beams w i th o u t  o p e n in g s  and a 
t h e o r e t i c a l  l o a d - d e f l e c t i o n  s o l u t i o n  f o r  beams. T h is  t h e o r e t i c a l  s o l ­
u t i o n  i s  w r i t t e n  as a F o r t r a n  IV com puter program  LDDFN and i s  l i s t e d  
i n  A ppendix A.
The re s p o n s e s  o f  th e s e  beams to  a p p l i e d  lo a d s  a r e  p r e s e n t e d  in  
te rm s  o f  lo ad  v e r s u s  d e f l e c t i o n  c u r v e s ,  moment v e r s u s  r o t a t i o n  c u r v e s ,  
c r a c k i n g ,  and c o l l a p s e  mechanisms.
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R a t io
a /d
7o o f  S p e c ia l  
R e in fo rcem en t  
i n  top  chord
1 A-1 0 None O n e -p o in t 3 .7 8 None
2 A-2-1 1 2% X 9 O n e -p o in t 3 .7 8 None
3 A-2-2 1 2% X 9 O n e -p o in r 3 .7 8 None
4 A-3-1 1 2% X 9 O n e -p o in t 3 .7 8 1 .4 8  +
5 A -3-2 1 2% X 9 O n e -p o in t 3 .7 8 2 .4 4
6 B-1 1 None T w o-po in ts 3 .7 8 None
7 B-2 1 2 x 9 T w o-po in ts None None
8 C-2 1 2% X 6 O n e -p o in t 3 .7 8 1.62
9 C -3-1  1 2% X 3 O n e -p o in t 3 .7 8 None
10 C -3-1  1 2% X 3 O n e -p o in t 3 .7 8 0 .8 2
11 D-1 2 2% X 9 T w o-po in ts 3 .7 8 2 .4 4
12 D-2 3 2% X 9 T w o-po in ts 3 ,7 8 2 .4 4
13 E-1 1 2% X 9 O n e -p o in t 7 .0 0 0 .8 2
14 E-2 1 2% X 9 O n e -p o in t 5 .4 1 .62
15 E-3 1 2% X 9 O n e -p o in t 7 .2 0 .8 2
T ab le  4 -1 . D e ta i l e d  e x p la n a t i o n  o f  c od ing  n o t a t i o n s
used in  d e s c r i b in g  th e  f i f t e e n  beams.
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The p u rp o se  o f  th e  d e s ig n  o f  th e  beams c l a s s i f i e d  as  Type A was 
t o  s tu d y  th e  b e h a v io r  o f  beams w i th  an o pen ing  which were s u b je c t e d  to  
o n e - p o i n t  lo a d in g  and to  f in d  an  e f f e c t i v e  ty p e  o f  r e i n f o r c e m e n t  fo r  
p la c e m e n t  a round  th e  o p e n in g .  A l l  o f  th e  beams i n  t h e  A s e r i e s  had 
o p e n in g s  o f  2% x 9 i n c h e s .
I n  a d d i t i o n  to  th e  c o n t r o l  beam A-1 which d id  n o t  have  an open­
in g  fo u r  beams were t e s t e d  i n  th e  A s e r i e s .  Beams A-2-1 and A-2-2 were 
companion specim ens each  h a v in g  a 2% x 9 in c h  o p en in g  w i th o u t  s p e c i a l  
r e i n f o r c e m e n t .  As a r e s u l t  o f  th e  b e h a v io r  o f  t h e s e  beams, th e  open­
in g s  o f  two o t h e r  beams (A-3-1 and A-3-2) were " r e i n f o r c e d "  by two d i f ­
f e r e n t  m ethods .  The f i r s t  method ( o f  r e in f o rc e m e n t )  was b a sed  on th e  
fo rm a t io n  o f  c r a c k s  a round  th e  open ings  i n  beams A-2-1 and A -2 -2 . The 
second  method o f  r e in f o r c e m e n t  was based  on th e  c o n c e p t  o f  r e s t r a i n i n g  
th e  r o t a t i o n  o f  t h e  s e c t i o n  c o n ta i n in g  th e  o p e n in g .
L o a d - D e f le c t io n  R esponses
F o u r te e n  d i a l  gages  were mounted a lo n g  th e  to p  o f  th e  beam ( F ig ­
u r e  3 . 1 0 ) .  The p o i n t  o f  maximum d e f l e c t i o n  was found to  be  ro u g h ly  2 
in c h e s  tow ard th e  c e n t e r l i n e  o f  t h e  span from th e  c o n c e n t r a t e d  load  fo r  
th e  c o n t r o l  beam A-1 and 2 to  4 in ch e s  tow ard  th e  s u p p o r t  from th e  con­
c e n t r a t e d  lo a d  f o r  th e  re m a in in g  fo u r  specim ens .
The l o a d - d e f l e c t i o n  r e s p o n s e s  a r e  shown i n  F ig u re  4 .1 ,  The lo a d -  
sp a n  d e f l e c t i o n s  a r e  shown i n  F ig u re s  4 .1 0  th ro u g h  4 .1 3 .
M om ent-R o ta t ion  R esponses
The c u r v a t u r e  ( \ )  v a lu e s  and th e  c o r r e s p o n d in g  moments a r e  m ain ly  
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b u t  t h i s  i s  n o t  the; c a s e  when th e  c r o s s  s e c t i o n  c o n ta i n s  an  o p e n in g .  
T h e r e f o r e  a  r o t a t i o n  m ea su r in g  d e v ic e  was mounted a t  one end o f  t h e  o p e n ­
in g  a s  shown i n  F ig u re  4 .8 .
The r e s u l t s  o f  th e  m o m e n t- r o ta t io n  r e s p o n s e s  a r e  shown in  F ig u re
4 . 2 .
C ra c k in g  and C o l la p s e  Mechanisips
■fhe beems i n v e s t i g a t e d  e x h i b i t e d  w id e ly  d i f f e r i n g  c r a c k in g  p a t ­
t e r n s .  F l e x u r a l  c ra c k s  were f i r s t  v i s i b l e  in  beam A-1 a t  a b o u t  30 
p e r c e n t  o f  th e  beam u l t i m a t e  lo a d .  These c r a c k s  w idened  and ex te n d e d  
s lo w ly  tow ard th e  c o m press ion  zone a s  t h e  lo a d  was i n c r e a s e d  to  th e  
y i e l d  o f  t h e  t e n s i o n  r e i n f o r c e m e n t .  A f t e r  y i e l d i n g  o f  th e  t e n s i o n  r e ­
in fo r c e m e n t ,  th e  c ra c k s  widened r a p i d l y  and a l s o  i n c r e a s e d  in  number 
a t  t h e  l e v e l  o f  th e  t e n s i o n  r e i n f o r c e m e n t .  As th e  lo ad  was f u r t h e r  
i n c r e a s e d ,  s u r f a c e  c r a c k in g  and s p e l l i n g  i n  t h e  c o n c r e t e  c o m p re ss io n  
zone o c c u r r e d .  The a p p e a ra n ce  o f  beam A-1 a f t e r  th e  t e s t  i s  shown in  
F ig u r e  4 .8 .
The c ra c k s  o f  beam A-2-1 and A-2-2 were f i r s t  v i s i b l e  a t  th e  c o r ­
n e r s  o f  th e  open ing  numbered ( 1 ) ,  (2) and (3) in  F ig u re  4 .3  a t  r o u g h ly  
13 p e r c e n t  o f  th e  beam u l t i m a t e  lo a d .  As the  load  was i n c r e a s e d ,  t h e s e  
c r a c k s  w idened w i th  c ra c k  (1) e x te n d in g  toward th e  c o r n e r  (5) o f  th e  
o p e n in g ,  w h i le  c ra c k  (2) ex te n d e d  tow ard  th e  u p p e r  s u r f a c e  o f  th e  beam, 
and c ra c k  (3 )  e x tended  toward th e  t e n s i o n  r e i n f o r c e m e n t .  D uring  t h i s  
t im e  th e  p o r t i o n  o f  th e  beam which c o n ta in e d  th e  o p e n in g  s t a r t e d  to  r o ­
t a t e  i n  th e  d i r e c t i o n  o f  t h e  lo a d in g  a round  t h e  c e n t e r  o f  th e  o p e n in g s .  
The end o f  th e  open ing  n e a r e s t  t h e  s u p p o r t  moved upward a s  shown in
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F i g u r e s  4 . 1 1 ,  4 . 8  b ,  and 4 .9  c .  F u r t h e r  I n c r e a s e  o f  th e  lo a d  r e s u l t e d  
i n  c o r n e r  c r a c k s  and f a i l u r e .
The c r a c k s  o f  beam A-3-1 were f i r s t  v i s i b l e  a t  th e  o p p o s i t e  c o r ­
n e r s  (2 )  and  (3) a s  shown i n  F ig u re  4 .4  a t  ro u g h ly  25 p e r c e n t  o f  th e  u l ­
t i m a t e  l o a d .  As th e  lo ad  was f u r t h e r  i n c r e a s e d ,  i n c l i n e d  p a r a l l e l  c ra c k s  
f i r s t  a p p e a re d  on th e  top  cho rd  w i th  s i m i l a r  ty p e  c ra c k s  a p p e a r in g  l a t ­
e r  on th e  b o t to m  c h o rd .  A d ia g o n a l  t e n s i o n  f a i l u r e  o c c u r r e d  i n  t h e  top  
and b o t to m  c h o r d s .  R o t a t i o n  o f  th e  s e c t i o n  c o n ta i n in g  th e  o p e n in g  i s  
shown i n  F i g u r e s  4 . 8  c ,  4 .1 2 ,  and 4 .9  b .
The c r a c k s  i n  beam A-3-2 f i r s t  a p p e a re d  a t  th e  c o r n e r s  (2) and
(3 )  o f  t h e  o p e n in g  shown i n  F ig u re  4 .6  a t  30 p e r c e n t  o f  th e  u l t i m a t e
l o a d i n g .  As th e  lo a d  i n c r e a s e d ,  more c r a c k s  formed i n  th e  b o t to m  chord  
a s  f l e x u r a l  c r a c k s  w ere b e in g  d e v e lo p e d  i n  th e  main s e c t i o n  away from 
t h e  o p e n in g .  As th e  load  in c r e a s e d  f u r t h e r ,  th e  f l e x u r a l  c r a c k s  widened 
and e x te n d e d  tow ard th e  s u r f a c e .  H o r i z o n t a l  c r a c k s  ap p e a re d  on th e  b o t ­
tom c h o rd  and on th e  top  cho rd  be tw een  th e  s l a b  and th e  web.
A bond f a i l u r e  o c c u r r e d  in  b o th  t h e  top  and b o t to m  r e i n f o r c e m e n t .  
No r o t a t i o n  o f  t h e  s e c t i o n  o f  th e  beam t h a t  c o n ta in e d  th e  o p e n in g  o c c u r ­
re d  as  shown i n  F ig u r e s  4 . 1 3 ,  4 .8  d a n d  4 .9  a .
4 .2  Type B Beams
Two Type B beams were c o n s t r u c t e d ,  Beam B-1 d id  n o t  have  an 
o p e n in g  and beam B-2 had an open ing  2% x 9 in ch e s  a t  th e  c e n t e r  o f  
i t s  sp a n .  Both beams were s u b je c t e d  to  t h i r d  p o i n t  l o a d i n g s .  C onse­
q u e n t l y  th e  s e c t i o n  t h a t  c o n ta in e d  th e  o pen ing  was s u b je c t e d  to  a pu re  
b e n d in g  moment.
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F ig u re  4 .3  C ra c k in g  V ersus  S h e a r in g  F o rc e  and 
Bending Moment f o r  Beam A -2-1 .
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F ig u re  4 .4  C ra c k in g  V ersus  Bending Moment 
Around th e  Opening o f  Beam A -3-1 ,
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F ig u re  4 .5  C ra c k in g  V e rsu s  Bending Moment and
S h e a r in g  F o rce  Around th e  Opening of Beam A -3-1 ,
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F ig u r e  4 .6  C rack ing  V ersus  Bending Moment and 
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F ig u re  4 .7  C ra c k in g  V ersus  Bending Moment and 
S h e a r in g  Around th e  Opening o f  Beam A-3-2 «
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(a)  Beam A-1
(b) Beam A-2-1
(c )  Beam A-3-1
(d) Beam A-3-2
Figure 4.8 Cracking of Type A Beams at Failure
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(a)  Beam A -3-2
(b) Beam A -3-1
(c )  Beam A-2-1




F ig u re  4 .1 0  Span D e f l e c t i o n s  o f  Beam A-1
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0 . 6 " .
Figure 4.11 Span Deflections of Beam A-2-1,




F ig u re  4 .1 2  Span D e f l e c t i o n s  o f  Beam A -3 -1 .
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Figure 4.13 Span Deflections of Beam A-3-2,
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The p u rp o se  f o r  t h e  d e s ig n  o f  th e  Type B bpam was to  s tu d y  th e  
b e h a v io r  o f  a  beam h a v in g  an o p e n in g  and s u b je c t e d  to  p u re  b e n d in g .
L o a d - d e f l e c t i o n  r e s p o n s e s  arid m o m e n t- ro ta t io n  r e s p o n s e s  a r e  
shown i n  F i g u r e s  4 ,1 4  and 4 .1 5 ;  t h e  r e s u l t s  i n d i c a t e  t h a t  b o th  beams 
b eh av ed  i d e n t i c a l l y  e x c e p t  t h a t  t h e  y i e l d  load  o f  beam B-2 was a p p ro x ­
im a te ly  14 p e r c e n t  low er  t h a n  t h a t  o f  th e  c o n t r o l  beam B -1 .
The p r o p a g a t io n  o f  c r a c k s  in  b o th  beams was s i m i l a r ;  f l e x u r a l  
c r a c k s  w ere  f i r s t  v i s i b l e  a t  30 p e r c e n t  o f  th e  u l t i m a t e  lo a d .  These 
c r a c k s  s lo w ly  w idened  and e x te n d e d  tow ard  th e  c om press ion  zone a s  th e  
lo a d  was i n c r e a s e d .  A f t e r  th e  y i e l d  o f  t h e  t e n s i o n  r e i n f o r c e m e n t ,  th e  
c r a c k s  w idened  r a p i d l y  and a l s o  i n c r e a s e d  in  number a t  t h e  l e v e l  o f  th e  
t e n s i o n  r e i n f o r c e m e n t .  As th e  l o a d  was f u r t h e r  i n c r e a s e d ,  s u r f a c e  
c r a c k in g  and s p e l l i n g  in  t h e  c o n c r e t e  c o m p re ss io n  zone o c c u r r e d .
F l e x u r a l  co m p re ss io n  ty p e  o f  f a i l u r e  o c c u r r e d  i n  b o th  beams as 
shown i n  F i g u r e s  4 .1 6  th ro u g h  4 .1 8 .  Span d e f l e c t i o n  c u rv e s  a r e  shown 
i n  F i g u r e s  4 .1 9  and 4 .2 0 .
4 .4  Type C Beams
The p u rp o s e  f o r  t h e  d e s ig n  o f  th e  Type C beams was t o  p ro v id e  
a d e q u a te  r e i n f o r c e m e n t  f o r  o p e n in g ?  h a v in g  th e  d im ens ions  2% x 3 and 
2% X 6 i n c h e s .  These beams were compared w ith  beam A-1. The Type 
C beams w ere  lo ad e d  i n  a manner s i m i l a r  t o  t h a t  used f o r  th e  Type A 
beam s.
Beam C -3-1  (open ing  2% x 3 w i th  no s p e c i a l  r e i n f o r c e m e n t )  was 
t e s t e d  f i r s t ,  f h e  l o a d - d e f l e c t i o n  r e s p o n s e  f o r  t h i s  beam i s  shown in  
F i g u r e  4 .2 1 .  The s lo p e  o f  t h i s  c u rv e  shows a 17% i n c r e a s e  i n  th e  d e ­
f l e c t i o n  when compared w i th  th e  s lo p e  o f  th e  c u rv e  f o r  beam A-1. I t
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F ig u re  4 .1 6  C ra c k in g  V ersus S h e a r in g  Force  and Bending 
Moment Around th e  Opening o f  Beam B-2,
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Figure 4.17 Cracking Veysus Bending Moment and
Shearing Force Around the Opening of Beam B-2,
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(a )  Beam B -l
(b) Beam B-2
(c )  Beam D-1
(d) Beam D-2
Figure 4.18 Cracking of Beams Type





F ig u re  4 .1 9  Span D e f l e c t i o n s
o f  the  C o n tro l  Beam B-l
Opening S iz e
F ig u re  4 .2 0  Span D e f l e c t i o n s  o f  Beam B-2.
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s h o u ld  f u r t h e r  be n o te d  t h a t  t h e  beam (C-3-1) c a r r i e d  a lo a d  e q u a l  to  
t h e  y le ^ d  lo a d  o f  beam A-1. However, i t  f a i l e d  s u d d e n ly  due to  th e  
d i a g o n a l  t e n s i o n  c r a c k s  th ro u g h  th e  o p e n in g s .  T h e r e f o r e ,  a n o th e r  beam 
was c o n s t r u c t e d  i d e n t i c a l  to  beam C-3-1 e x c e p t  t h a t  I t  c o n ta in e d  r e i n ­
fo rc e m e n t  a round i t s  o p e n in g .  T h is  beam e x h i b i t e d  b e h a v io r  s i m i l a r  to  
t h a t  o f  beam A-1 as  shown In  F ig u re  4 .2 1 .
Beam C-2 had  a 2% x 6 Inch  o pen ing  w i th  s p e c i a l  web r e i n f o r c e ­
m ent a ro u n d  th e  o p e n in g .  The r e s p o n s e  o f  t h i s  beam was s i m i l a r  to  t h a t  
o f  beam A -1 , b u t  t h e  lo a d  v e r s u s  d e f l e c t i o n  r e s p o n s e  I n d i c a t e s  a d e ­
c r e a s e  by a p p ro x im a te ly  20% In  th e  d e f l e c t i o n  when compared w i th  beam 
A -1 . The p r o g r e s s i o n  o f  c r a c k  v e r s u s  s h e a r in g  f o r c e  and moment a t  th e  
c e n t e r  o f  t h e  o p e n in g  i s  shown In  F ig u re s  4 .2 2 ,  4 .2 3  and 4 .2 5 .  The 
sp a n  d e f l e c t i o n  r e s p o n s e s  a r e  shown In  F ig u re s  4 .2 6  th rough  4 .2 8 .
4 . 5  Type D Beams
Two Type D beams w ere c o n s t r u c t e d .  Beam D-1 had two open ings  
and beam D-2 had t h r e e  o p e n in g s  as  shown In  F ig u re  4 .1 8 .  The two beams 
w ere  loaded  In  th e  same manner as  beam B - l  ( tw o -p o in t  l o a d i n g ) .  The 
two o p e n in g s  n e a r  th e  s u p p o r t s  were r e i n f o r c e d  In  a way I d e n t i c a l  to  
t h e  r e in f o r c e m e n t  o f  beam A -3 -2 .  The r e s u l t i n g  l o a d - d e f l e c t i o n  r e ­
s p o n s e s  a r e  shown In  F ig u re  4 .2 9 .  A com parison  o f  th e  l o a d - d e f l e c t i o n  
r e s p o n s e s  o f  t h e s e  two beams ( ty p e  D) w i th  th o s e  o f  beam B - l  shows t h a t  
Beam D-1 y i e l d e d  a t  th e  same lo a d  as  beam B - l ,  b u t  th e  y i e l d  lo a d  fo r  
beam D-2 lo a d  was ro u g h ly  20 p e r c e n t  l e s s  th a n  t h a t  fo r  beam B - l .
The m o m e n t- ro ta t lo n  r e s p o n s e s  ( F ig u re  4 .3 0 )  f o r  th e  m idspan I n ­





 Theof^èhical  A-1
  C - Z
.o  c-
0 .60.2 a s£>.0 l.O 1.2
D e f l e c t i d n  ( i n . )
Figure 4.21 Applied Load Versus Vertical
Deflection for Type C Beams.
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Figure 4.23 Cracking Versus Shearing Force




F ig u r e  4 .2 4  C rack in g  V ersus  Shear  F o r c e ,  Bending 
Moment Around th e  Opening o f  Beam C -3 -1 .
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(a)  Beam C-2
(b) Beam C-3-1
(c )  Beam C-3-2




F ig u re  4 .2 6  Span D e f l e c t i o n s  o f  Beam C-2,
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Figure 4.27 Span Deflections
of Beam C-3-2 .
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sp o n se .  S h e a r in g  f o rc e s  and b e n d in g  moment ( a c t i n g  a t  th e  c e n t e r  o f  
t h e  o p e n in g )  v e r s u s  c ra c k in g  a r e  shown i n  F ig u re s  4 .3 1  th ro u g h  4 .3 3 .
The f a i l u r e  o f  beam D-1 was s i m i l a r  to  th e  f a i l u r e  o f  beam B-1 and th e  
f a i l u r e  o f  beam D-2 was s i m i l a r  to  t h e  f a i l u r e  o f  beam B-2 as  shown in  
F ig u re  4 .1 8 .
4 .6  Type E Beams
T hree  Type E beams were c o n s t r u c t e d  and t e s t e d  to  s tu d y  th e  
e f f e c t  o f  s h e a r - s p a n  on th e  b e h a v io r  o f  beams each h a v in g  an  open ing  
2% X 9 in c h e s  w i th  s p e c i a l  web r e in f o r c e m e n t .  The p r o p a g a t io n  o f  c ra c k s  
f o r  a l l  beams o f  ty p e  E was s i m i l a r ;  f l e x u r a l  c ra c k s  were f i r s t  v i s i b l e  
a t  r o u g h ly  30 p e r c e n t  o f  th e  u l t i m a t e  lo a d .  These c ra c k s  s lo w ly  widened 
and ex te n d e d  tow ard th e  com press ion  zone as th e  lo ad  was i n c r e a s e d .
A f t e r  th e  y i e l d  o f  th e  t e n s i o n  r e in f o r c e m e n t ,  th e  c ra c k s  w idened r a p i d l y  
and a l s o  i n c r e a s e d  in  number a t  the  l e v e l  o f  th e  t e n s i o n  r e in f o r c e m e n t .
As th e  lo a d  was f u r t h e r  i n c r e a s e d ,  s u r f a c e  c ra c k in g  and s p e l l i n g  o c c u r ­
re d  in  th e  c o n c r e te  c o m press ion  zone.
F l e x u r a l  c om press ion  type  o f  f a i l u r e  o c c u r re d  in  th e  t h r e e  beams. 
The b e h a v io r  o f  ty p e  E beam was v i r t u a l l y  i d e n t i c a l  to  th e  b e h a v io r  o f  
t h e  c o n t r o l  beam A-1 (w i th o u t  open ing)  i n  a l l  r e s p e c t s  even  th e  th e  
c r a c k s  i n  th e  v i c i n i t y  o f  th e  open ing  formed in  a p a t t e r n  s i m i l a r  to  
t h a t  o f  th e  c o n t r o l  beam A-1 ig n o r in g  th e  e x i s t e n c e  o f  th e  o p e n in g .  The 
l o a d - d e f l e c t i o n  r e s p o n s e s  fo r  th e  Type E beams a r e  shown i n  F ig u re  3 .3 6 ;  
s h e a r  and b en d in g  moment v e r s u s  c r a c k in g  a r e  shown i n  F ig u re s  4 .3 7  th ro u g h  











D e f l e c t i o n  ( i n . )
Figure 4.36 Applied Load Versus Vertical
Deflection for Type E Beams.
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(a )  Beam E-1
(b) Beam E-2
(c )  Beam E-3
Figure 4.39 Cracking of Type E Beams at Failure.
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F ig u r e  4 .4 1  Span D e f l e c t i o n  o f  Beam E-2.
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F ig u re  4 .4 2  Span D e f l e c t i o n  o f  Beam E-3,
CHAPTER V 
DISCUSSION OF EXPERIMENTAL RESULTS
5 .1  E f f e c t  o f  G e o m e tr ic a l  P a ra m e te rs
I n  t h i s  s tu d y ,  th e  b e h a v io r  o f  r e i n f o r c e d  c o n c r e te  T-Beams w i th  
l a r g e  o p e n in g s  in  th e  webs was i n v e s t i g a t e d  w ith  r e s p e c t  to  t h e  fo l lo w ­
in g  p a ra m e te r s  :
(1) Type o f  lo a d in g  ( o n e - p o in t  and tw o -p o in t  l o a d i n g s ) ,
(2) S p e c ia l  web r e in f o r c e m e n t  f o r  th e  o p e n in g s ,
(3) M u l t i p l e  o p e n in g s ,  and
(4) S h e a r - s p a n  r a t i o .
The r e s u l t s  were compared w i th  t h o s e  o f  t h e  two c o n t r o l  beams 
A-1 and B-1. Both beams (A-1 and B-1) w ere  w i th o u t  o p e n in g s  and were 
s u b j e c t e d  to  o n e - p o in t  and tw o -p o in t  l o a d i n g s ,  r e s p e c t i v e l y .  The t e s t  
r e s u l t s  o b t a in e d  i n  th e  form o f  th e  l o a d - d e f l e c t i o n  and m o m e n t - r o ta t io n  
r e s p o n s e s  fo r  th e  beams were shown t o  be i n  good ag reem en t  w i th  th e  r e ­
s u l t s  o f  a t h e o r e t i c a l  s o l u t i o n  ( t h e  com puter  program  LDDFN, Appendix  A),
5 .1 .1  The E f f e c t  o f  Loading
Two Sym m etrical P o in t  Loading 
Beam B-2 w i th  an open ing  ( s i z e  2% x 9 w i th o u t  s p e c i a l  web r e i n ­
fo rcem en t)  was lo ad ed  s y m m e tr ic a l ly  by tw o -p o in t  lo a d in g  so t h a t  th e  
o pen ing  was s u b je c t e d  to  bend ing  moment o n l y .  The t e s t  r e s u l t s  o f  t h i s
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beam i n  th e  form  o f  l o a d - d e f l e c t i o n  r e s p o n s e ,  m o m e n t- ro ta t io n  r e s p o n s e ,  
and c r a c k in g  and c o l l a p s e  mechanism, w ere compared w ith  th e  r e s u l t s  o f
t h e  c o n t r o l  beam B -1 . The f o l lo w in g  w ere o b se rv e d :
(1) The y i e l d  lo ad  d e f l e c t i o n  and th e  y i e l d  moment r o t a t i o n  
a t  m idspan  o f  beam B-2 were 14 p e r c e n t  l e s s  th a n  th o s e  o f  
t h e  s o l i d  beam B-1 ( F ig u r e s  5 .1  and 5 . 2 ) .
(2 )  The d e f l e c t i o n  o f  beam B-2 f o r  a l l  l o a d in g  l e v e l s  w i t h in
t h e  e l a s t i c  ran g e  showed v i r t u a l l y  no in c r e a s e  to  t h a t  o f
t h e  s o l i d  beam B-2 ( F ig u re  5 . 1 ) .
(3) Tbe lo a d  d e f l e c t i o n  r e s p o n s e  o f  beam B-2 a f t e r  y i e l d  and 
a t  a d e f l e c t i o n  a p p ro x im a te ly  e q u a l  to  0 .6  in c h e s  became 
v i r t u a l l y  th e  same as  t h a t  o f  th e  s o l i d  beam B-1 ( F ig u re
5 , 1 ) .
S in c e  t h e  two beams (B-1 and B-2) were g e o m e t r i c a l l y  i d e n t i c a l  
e x c e p t  fo r  t h e  p r e s e n c e  o f  t h e  open ing  i n  beam B-2, t h e  changes i n  th e  
y i e l d  l o a d - d e f l e c t i o n  and y i e l d  m o m e n t- r o ta t io n  re s p o n s e s  (14%) c a n  be 
a t t r i b u t e d  o n ly  t o  t h e  p re s e n c e  o f  th e  o pen ing  in  beam B-2. Baker (3) 
r e p o r t e d  s i m i l a r  r e s u l t s  fo r  r e c t a n g u l a r  beams.
L o r e n ts e n  (7) a l s o  r e p o r t e d  s i m i l a r  r e s u l t s  f o r  T-Beams w i th  
o p e n in g s  w hich  w ere r e i n f o r c e d  a t  th e  c h o rd s .  L o r e n t s e n 's  s tu d y  o f  th e  
b e h a v io r  o f  th e  beams was b a sed  on s t r a i n  d e te r m in a t io n s  a t  th e  to p  s u r ­
f a c e  and a t  th e  l e v e l  o f  th e  main r e i n f o r c e m e n t .
The E f f e c t  o f  O n e-P o in t  Loading  on Openings 
W ith o u t  S p e c ia l  Web R e in fo rc em e n t
Beam A -2-1 and i t s  companion beam A -2-2 each  w i th  an  open ing  
2% X 9 in c h e s  were s u b je c t e d  to  b en d in g  moment and s h e a r in g  f o r c e s .
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The b e h a v io r  o f  b o th  beams when s u b je c t e d  to  lo a d in g  compared 
w i th  b e h a v io r  o f  t h e  c o n t r o l  beam A-1 i l l u s t r a t e s  th e  f o l lo w in g :
(1) The u l t i m a t e  load  f o r  b o th  beams (A -2-1 and A -2-2)  was 
a p p ro x im a te ly  60 p e r c e n t  l e s s  th a n  t h a t  o f  th e  s o l i d  beam 
(A-1) ( F ig u re  5 . 3 ) .
(2) The m o m e n t- ro ta t io n  r e s p o n s e s  o f  beams A-2-1 and A -2-2  a t
th e  p o i n t  o f  i n t e r s e c t i o n  o f  th e  c h o rd s  o f  th e  o p e n in g  w ith
th e  m ain  s e c t i o n  o f  th e  beam ( S e c t io n  n e a r e s t  m idspan) i n ­
d i c a t e d  t h a t  th e  r o t a t i o n  was s e v e r a l  t im es  l a r g e r  th a n  th e  
r o t a t i o n  o f  th e  m ain  s e c t i o n  (F ig u re  5 . 4 ) .
(3) The l o a d - d e f l e c t i o n  r e s p o n s e s  o f  beams A-2-1 and A-2-2 
showed an a v e ra g e  i n c r e a s e  o f  a p p ro x im a te ly  63 p e r c e n t  i n  
d e f l e c t i o n  over  t h a t  o f  t h e  s o l i d  beam (F ig u re  5 . 3 ) .
(4) The c u r v a t u r e  o f  t h e  top  c h o rd  o f  beam A-2-1 and A-2-2 r o ­
t a t e d  i n  a c lo c k w ise  d i r e c t i o n  as shown i n  F ig u re  5 .5 .
The b e h a v io r  o f  beams A -2-1  and A-2-2 c a n  be e x p la in e d  as f o l ­
lows :
The r o t a t i o n  o f  th e  s e c t i o n  BC ( F ig u re  5 .5 )  as  m easu red  by th e  
r o t a t i o n  m e te r  was s e v e r a l  t im es  g r e a t e r  th a n  t h a t  o f  th e  s o l i d  s e c t i o n  
o f  th e  beam. C o n se q u e n tly  th e  s t r a i n s  a t  th e  s e c t i o n  BC were s e v e r a l  
t im e s  l a r g e r  t h a n  th o s e  o f  the. s o l i d  s e c t i o n  o f  th e  beam. These e x c e s ­
s iv e  s t r a i n s  c a u se d  th e  deve lopm ent o f  c r a c k s  a t  t h e  c o r n e r s  o f  th e  
o p e n in g ,  e s p e c i a l l y  a t  p o i n t s  E and D o f  th e  to p  chord  ( F ig u re  5 . 5 ) .
As th e  l o a d in g  i n c r e a s e d ,  t h e s e  c ra c k s  i n c r e a s e d  and w idened ; c o n s e q u e n t ­
ly  t h e  to p  cho rd  r o t a t e d  ab o u t  p o i n t s  A and B. T h is  ty p e  o f  r o t a t i o n  
c a u se d  an  i n c r e a s e  o f  l e n g th  i n  th e  to p  chord  e q u a l  to  th e  d i f f e r e n c e
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i n  l e n g t h  be tw een  BD and th e  d ia g o n a l  AB. (T h is  i s  e x p la in e d  by t h e  f a c t  
t h a t  t h e  beam o r i g i n a l l y  r e s t e d  on DB and a f t e r  th e  c ra c k s  had  formed 
th e  beam r e s t e d  on AB). T h is  n e t  i n c r e a s e  i n  l e n g t h  o f  t h e  top  cho rd  
was l a r g e r  t h a n  th e  i n c r e a s e  i n  t h e  l e n g t h  o f  t h e  bo t tom  c h o rd  (The 
i n c r e a s e  i n  l e n g t h  o f  th e  bo t tom  cho rd  i s  due t o  t h e  s t r a i n  o f  t h e  
main r e i n f o r c e m e n t . )  T h is  n e t  i n c r e a s e  i n  l e n g th  o f  t h e  to p  c h o rd  
c aused  an upward v e r t i c a l  d e f l e c t i o n  a t  p o i n t  D a s  shown i n  F i g u r e  5 .5 .
N e g l e c t in g  m inor c o n t r i b u t i o n s  due  to  dowel a c t i o n  i n  t h e  com­
p r e s s i o n  r e in f o r c e m e n t  and th e  c o n t r i b u t i o n  o f  sm a l l  f o r c e s  i n  t h e  a -  
mount o f  c o n c r e t e  t h a t  was in  c o n t a c t  ( v i r t u a l l y  p o i n t s  o f  c o n t a c t s ) , 
i t  c o u ld  be  assumed t h a t  th e  b u lk  o f  t h e  s h e a r i n g  f o rc e  was c a r r i e d  
by th e  b o t to m  c h o rd .
T h is  a s su m p t io n  o f  th e  s h e a r  f o r c e  b e in g  c a r r i e d  by  th e  b o t to m  
c ho rd  w i l l  be  u se d  in  a  l a t e r  s e c t i o n  i n  o r d e r  to  f a c i l i t a t e  t h e  d i s ­
c u s s i o n  r e g a r d i n g  th e  c o n t r i b u t i o n  o f  t h e  s p e c i a l  web r e i n f o r c e m e n t .
5 . 1 . 2  Web R e in fo rc em e n t  E f f e c t  On Beams W ith  Openings
The t e s t  r e s u l t s  o f  beams A -2-1  and A -2-2  c l e a r l y  i n d i c a t e d  
t h a t  th e  a s su m p t io n  can  be made t h a t  th e  top  chord  was n o t  c a r r y i n g  any 
s i g n i f i c a n t  p a r t  o f  th e  s h e a r in g  f o r c e s  o r  b e n d in g  moments. T h e r e f o r e ,  
i n  o r d e r  t o  make th e  top  chord  s t i f f  enough to  c a r r y  s h e a r i n g  f o r c e  and 
t r a n s f e r  b e n d in g  moment, beam A-3-1 was c o n s t r u c t e d  and i t s  top  cho rd  
was r e i n f o r c e d  i n  th e  manner shown in  F ig u r e  3 . 2 ,  S e c t io n  c - c .  T h is
r e in f o r c e m e n t  was s i m i l a r  to  th e  ty p e  u se d  by L o re n ts e n  (5) and N a s s e r ,
e t  a l .  ( 7 ) .
The behavior of Beam A-3-1 when subjected to loading compared
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t o  t h a t  o f  th e  c o n t r o l  beam A-1 can  be s t a t e d  as  fo l lo w s :
(1) D e f l e c t i o n s  o f  beam A-3-1 i n c r e a s e d  a p p ro x im a te ly  40 p e r ­
c e n t  i n  t h e  e l a s t i c  r a n g e  and t h e  y i e l d  lo a d  was ro u g h ly  
60 p e r c e n t  o f  t h a t  o f  beam A-1 (F ig u re  5 . 3 ) .
(2) The r o t a t i o n  o f  t h e  s e c t i o n  c o n ta i n in g  th e  open ing  i n  beam 
A-3-1 w i th  r e s p e c t  to  th e  moment a t  t h a t  s e c t i o n  i n c r e a s e d  
a p p ro x im a te ly  400 p e r c e n t  o v e r  t h a t  o f  t h e  s o l i d  s e c t i o n  
(beam A - 1 ) (F ig u r e  5 . 4 ) .
(3) The to p  cho rd  span  r o t a t e d  i n  a c lo c k w is e  d i r e c t i o n  as 
shown i n  F ig u re  4 .8  c .  The end o f  t h e  top  chord  n e a r e r  to  
th e  s u p p o r t  c ra c k e d  and d e f l e c t e d  v e r t i c a l l y  upward and
th e  end n e a r e r  to  th e  c e n t e r  o f  t h e  span o f  th e  beam c ra c k e d
and d e f l e c t e d  v e r t i c a l l y  downward. Th is  i s  shown i n  F ig u re s
4 .8  c and 5 .6 .
(4) Beam A-3-1 f a i l e d  due to  th e  d i a g o n a l  t e n s i o n  in  th e  to p  
and b o t to m  c h o rd s .
The b e h a v io r  o f  beam A-3-1 was s i m i l a r  to  t h e  b e h a v io r  o f  beams w i th o u t  
r e i n f o r c e m e n t  e x c e p t  t h a t  when t h e  top  chord  o f  beam A -3-1  was r e i n ­
f o r c e d ,  i t s  c a r r y i n g  c a p a c i t y  i n c r e a s e d  from 40 p e r c e n t  to  60 p e r c e n t  
o f  t h e  s o l i d  beam.
The r o t a t i o n s  m easured  by th e  r o t a t i o n  m e te r  a t  any l o c a t i o n  
f u r n i s h e d  a m easure  o f  e x i s t i n g  s t r a i n  and s t r e s s e s  a t  t h a t  l o c a t i o n .
The r e a d i n g s  o f  th e  r o t a t i o n  m e te r  when p l a c e d  a t  one end o f  th e  open ing  
showed t h a t  th e  s t r e s s e s  i n  th e  s e c t i o n  c o n ta i n in g  th e  open ing  w ere fo u r  
t im e s  l a r g e r  th a n  th o s e  i n  t h e  s o l i d  s e c t i o n  (F ig u re  5 . 4 ) .  S im i la r  h ig h  
s t r e s s e s  were a l s o  p r e s e n t  in  t h e  beams s tu d i e d  by L o r e n ts e n .
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The p u rp o se  o f  c o n s t r u c t i n g  and t e s t i n g  beam A-3-1 was to  r e p l i ­
c a t e  th e  p r e v io u s  works o f  N a s s e r ,  e t  a l .  (7) and L o re n ts e n (5 )  i n  o r d e r  
to  check  th e  v a l i d i t y  o f  t h e i r  c l a im s .  A lthough  beam A-3-1 behaved  i n
a manner s i m i l a r  t o  t h a t  p r e d i c t e d  by N a s s e r ,  e t  a l .  and L o r e n ts e n ,  th e
p r e s e n c e  o f  th e  h ig h  c o n c e n t r a t i o n  o f  s t r e s s e s  r e n d e r s  such beams h i g h ly  
i m p r a c t i c a l  a s  w e l l  a s  e c o n o m ic a l ly  u n d e s i r a b l e .  I t  co u ld  be f u r t h e r  
em phasized  t h a t  s in c e  th e  p u rp o se  o f  h a v in g  o p en ings  in  beams i s  a p ro b ­
lem o f  economy, t h e  d e s ig n e r  faced  w ith  th e  k in d  o f  beams su g g e s te d  by 
L o r e n ts e n  and N a sse r  e t  a l .  f in d s  h i m s e l f  i n  a dilemma: h ig h  s t r e s s  
c o n c e n t r a t i o n s ,  l a r g e  d e f l e c t i o n s ,  uneconom ica l  and p o s s i b l y  an  unsafe; 
s t r u c t u r e .  O b v io u s ly  to  a c h ie v e  a  p r a c t i c a l  s o l u t i o n  to  t h i s  p rob lem  
th e  c o n c e n t r a t i o n  o f  h ig h  s t r e s s e s  must be  r e l i e v e d  and d e f l e c t i o n s  
m ust be red u ced  a t  minimum c o s t .  The t e s t  r e s u l t s  o f  t h i s  s tu d y  i n d i ­
c a t e d  t h a t  i n  o r d e r  to  s o lv e  th e  p rob lem  a new method o f  r e i n f o r c i n g
th e  top  cho rd  o f  th e  open ing  was n e c e s s a r y .
I t  shou ld  be f u r t h e r  n o te d  t h a t  i n  o r d e r  fo r  th e  r e in f o rc e m e n t  
method to  be  s u c c e s s f u l l y  e f f e c t i v e ,  two o b j e c t i v e s  m ust be  acco m p lish ed :
(1) Reduce th e  d ia g o n a l  t e n s i l e  s t r e s s e s  in  th e  c o n c r e t e .
(2) Reduce th e  bond s t r e s s e s  a t  th e  top  chord  o f  th e  o p e n in g .  
These  aims were met by s p e c i a l  web r e in f o rc e m e n ts  as d e s c r ib e d  i n  th e  
fo l lo w in g  s e c t i o n .
5 . 1 . 3  The E f f e c t s  o f  S p e c ia l  Web R e in fo rc em e n ts  
On Beams With Openings
Beam A-3-2 had a d d i t i o n a l  s p e c i a l  web r e in f o rc e m e n t  a s  shown i n  
F ig u re  5 .7 .  The t e s t  r e s u l t s  o f  t h i s  beam when compared w i th  th e  r e ­
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F ig u r e  5 .7  S p e c ia l  Web R e in fo rc e m e n t  o f  Beam A -3-2  
Arc-W elded a t  P o i n t s  o f  I n t e r s e c t i o n .
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(1 )  The l o a d - d e f l e c t i o n  r e s p o n s e s  were a lm o s t  i d e n t i c a l  to  t h a t  
o f  t h e  c o n t r o l  beam t o  a  p o i n t  e q u a l  to  a b o u t  65 p e r c e n t  o f  t h e  y i e l d  
lo a d  o f  t h e  c o n t r o l  beam. I n c r e a s i n g  th e  lo a d  to  a p o i n t  e q u a l  to  a b o u t  
85 p e r c e n t  o f  t h e  c o n t r o l  beam cau sed  an  ap p ro x im ate  i n c r e a s e  o f  20 
p e r c e n t  i n  t h e  d e f l e c t i o n  r e s p o n s e  c u rv e  o f  beam A -3 -2 . F u r t h e r  i n ­
c r e a s e  o f  lo a d  c a u se d  c o n t in u o u s  g r a d u a l  i n c r e a s e  in  th e  d e f l e c t i o n  r e ­
s p o n s e  c u r v e  u n t i l  f a i l u r e  o c c u r r e d  a t  a b o u t  95 p e r c e n t  o f  th e  y i e l d  
lo a d  o f  beam A - l  (F ig u re  4 . 1 ) .
(2 )  The m o m e n t - r o ta t io n  r e s p o n s e  o f  beam A-3-2 and th e  c o n t r o l  
beam A - l  a r e  shown sup e r im p o sed  i n  F ig u r e  5 . 9 .  I t  can  b e  e a s i l y  seen  
t h a t  t h e  r o t a t i o n s  o f  th e  s e c t i o n  c o n t a i n i n g  th e  open ing  i n  beam A-3-2 
d e c r e a s e d  a p p ro x im a te ly  50 p e r c e n t  from th o s e  o f  th e  s o l i d  beam w i th  
r e s p e c t  to  t h e  a p p l i e d  moment to  a v a lu e  where M i s  e q u a l  to  a p p r o x i ­
m a te ly  45 p e r c e n t  o f  th e  a p p l i e d  moment. I n c r e a s i n g  th e  a p p l i e d  moment 
above  45 p e r c e n t  caused  a c o n t in u o u s  g r a d u a l  i n c r e a s e  i n  r o t a t i o n  u n t i l  
t h e  f a i l u r e  o c c u r r e d  a t  an  a p p l i e d  moment v a lu e  e q u a l  to  ab o u t  78 p e r ­
c e n t  o f  t h e  y i e l d  moment o f  th e  c o n t r o l  beam A - l .  T h is  t e s t  was con­
d u c te d  w i t h  t h e  r o t a t i o n  m e te r  p l a c e d  a t  th e  end o f  th e  o p e n in g  n e a r e r  
to  t h e  c e n t e r  o f  th e  beam.
(3 )  At a p p ro x im a te ly  95 p e r c e n t  o f  th e  y i e l d  lo a d  o f  th e  con­
t r o l  beam A - l , bond f a i l u r e  o c c u r r e d  i n  both, th e  top  and b o t to m  ch o rd s  
o f  beam A -3 -2 .
(4) The span  d e f l e c t i o n  o f  b o th  beams A -l  and A-3-2 w ere s i m i l a r  
( F ig u r e  5 .1 0 ) .
As i n d i c a t e d  by t e s t  r e s u l t s  i t  can  be assumed t h a t  beam s e c ­
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Figure 5.9 Applied Moment Versus Rotation
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i n  r e a s o n a b le  t e s t  s c a t t e r )  w i th  o r  w i th o u t  an o p e n in g .  The s e c t i o n s  
o f  th e  beam s u b je c t e d  to  combined b e n d in g  moments and s h e a r in g  f o rc e s  
b ehaved  d i f f e r e n t l y  depend ing  on th e  p r e s e n c e  o r  ab sen ce  o f  th e  o p e n in g .  
T h e r e f o r e ,  i t  seems r e a s o n a b le  to  assume t h a t  t h e  m ajo r  e le m en t  e f f e c t ­
in g  th e  b e h a v io r  o f  beams c o n t a i n i n g  o p e n in g s  i s  th e  p r e s e n c e  o f  s h e a r ­
in g  f o r c e s .  The p r e s e n c e  o f  t h e  s h e a r i n g  f o r c e s  c aused  a s i g n i f i c a n t  
I n c r e a s e  i n  t h e  r o t a t i o n  and d e f l e c t i o n  r e s p o n s e s  o f  beams c o n ta i n in g  
o p e n in g s .  S in c e  t h e  r e l a t i o n  be tw een  s h e a r in g  f o rc e  and r o t a t i o n  i s  
o b v io u s ,  a s h e a r - r o t a t i o n  r e s p o n s e  can  b e  o b ta in e d .  Such c u rv e s  a r e  
shown i n  F ig u r e  5 .1 1 .  I t  i s  im p o r ta n t  to  n o te  t h a t  th e  n e t  a r e a  b e ­
tw een  th e  r e s p o n s e  c u rv e s  o f  beams A -3-2 and A-2 r e p r e s e n t s  th e  con- 
t i b u t i o n  o f  t h e  web r e in f o rc e m e n t  i n  c a r r y i n g  th e  s h e a r in g  f o r c e  a t  any 
l o a d i n g  v a l u e .  F u r th e rm o re ,  th o s e  c u rv e s  a l s o  i n d i c a t e  th e  s h e a r in g  
f o r c e  c a r r i e d  by web r e i n f o r c i n g  b a r s .  In  th e  c a se  o f  beam A -3-2  th e  
maximum v a lu e  o f  th e  s h e a r in g  f o r c e  c a r r i e d  by web r e in f o rc e m e n t  was 
e q u a l  to  2 .7  K ips  (F ig u re  5 .1 1 ) .
I n  o r d e r  to  f u r t h e r  c o r r e l a t e  th e  e x p e r im e n ta l  r e s u l t s ,  i t  i s  
i n d i c a t e d  t h a t  th e  maximum s h e a r in g  f o r c e  c a r r i e d  by web r e i n f o r c i n g  
b a r s  when c a l c u l a t e d  from th e  d e f l e c t i o n  re s p o n s e s  c u rv e s  shown i n  F i g ­
u r e  5 .1 2  showed ag reem en t  w i th  th e  v a lu e s  o b ta in e d  p r e v i o u s l y .
I n  o r d e r  to  f in d  th e  s t r e s s e s  i n  t h e  web r e i n f o r c e m e n t ,  a s e c ­
t i o n  th ro u g h  th e  c e n t e r  o f  th e  o p en in g  was ta k e n  a s  shown i n  F ig u re  
5 .1 3 ,  S e c t i o n  a - b .  The c a l c u l a t e d  v a lu e  o f  th e  s h e a r  f o rc e  c a r r i e d  by 
t h e  web r e in f o r c e m e n t  ( 2 .7  K ips)  was assumed to  a c t  i n  th e  d i r e c t i o n  
and a t  th e  l o c a t i o n  shown i n  F ig u re  5 .1 3 .  T h is  s e c t i o n  p a s s e s  th ro u g h  
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F ig u re  5 .12  U l t im a te  S heâr  C a r r i e d  by th e  S p e c ia l  
Web R e in fo rc em e n t  fo r  Opening S iz e  2% x 9 " .
o
o
F ig u re  5 .1 3  The S p e c i a l  Web R e in fo rc e m e n t  R e s i s t e d  th e  S t r e s s e s  
i n  a Manner S i m i l a r  to  T ru ss  A c t io n .
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o n ly  m ino r  dowel a c t i o n  c o u ld  e x i s t  i n  th e  r e in f o rc e m e n t  a t  t h i s  p o i n t .  
T h e r e f o r e ,  i t  seems r e a s o n a b le  to  assume t h a t  th e  s p e c i a l  web r e i n f o r c e ­
m ent r e s i s t e d  th e  s t r e s s  i n  a  manner s i m i l a r  to  t r u s s  a c t i o n .  A ccord­
i n g l y  t h e  maximum s t r e s s  i n  t h e  s t e e l  was found to  be  3 0 ,5  k i p s  (O .bOf^),
The e f f e c t  o f  t h e  s p e c i a l  web r e in f o rc e m e n t  can  a l s o  be n o t i c e d  
from th e  l o a d - d e f l e c t i o n  r e s p o n s e  c u rv e s  o f  beam C -3-1  and C -3-2  each 
o f  w hich  had  an  o p en in g  2% x 3 as  shown i n  F ig u re  5 .1 4 .  Beam C -3-2  had 
1 -#  3 b a r  o f  s p e c i a l  web r e in f o r c e m e n t  and beam C -2-1  had  no s p e c i a l  
web r e i n f o r c e m e n t .  The d e f l e c t i o n  o f  beam C-3-1 i n c r e a s e d  by a p p ro x ­
i m a te ly  17 p e r c e n t  o v e r  t h a t  o f  th e  s o l i d  beam, and th e  d e f l e c t i o n  o f  
beam C -3-2  d e c re a s e d  by a p p ro x im a te ly  30 p e r c e n t  from t h a t  o f  t h e  s o l i d  
beam. The maximum lo a d  d i f f e r e n c e  f o r  t h e  same d e f l e c t i o n  was found 
t o  be 2 .1  k i p s  ( F ig u r e  2 . 1 ) ,  T h is  means t h a t  a  s h e a r  f o r c e  e q u a l  to  
1 .3 7  k i p s  was c a r r i e d  by th e  web r e i n f o r c e m e n t .  The maximum s t r e s s  i n  
t h e  s p e c i a l  web r e in f o r c e m e n t  was c a l c u l a t e d  as  1 9 .4  k s i  by u s in g  th e  
m ethod d e s c r i b e d  above.
Based on th e  t e s t  r e s u l t s  i t  can  be s t a t e d  t h a t :  (1) s p e c i a l  
web r e in f o r c e m e n t  r e d u c e s  th e  r o t a t i o n  o f  t h e  s e c t i o n  c o n t a i n i n g  th e  
o p e n in g ,  and (2) c o n s e q u e n t ly  r e d u c e s  t h e  maximum beam d e f l e c t i o n s ,  and
(3) i n c r e a s e s  th e  lo a d  c a r r y i n g  c a p a c i t y  o f  T-Beams w i th  l a r g e  o p en ings  
i n  t h e  webs.
5 . 1 . 4  The E f f e c t  o f  S iz e  o f  Opening
Beams W ithou t  S p e c ia l  Web R e in fo rc em e n t  
The c a r r y i n g  c a p a c i t y  o f  beams w i th  an  o p en in g  s i z e  o f  2^ x 9 










o . l  0.4 0.5 0.8 Z1.0
Deflection (In.)
F ig u re  5 .1 4  Shear  C a r r ie d  by S p e c ia l  Web 
R e in fo rc em e n t  fo r  2 \  x 3" O penings,
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beam w i th o u t  o p e n in g ,  w h i l e  a beam w i th  an  o p e n in g  s i z e  2% x 3 (beam 
C -3-1 )  h a d  a c a r r y i n g  c a p a c i t y  o f  a p p ro x im a te ly  98 p e r c e n t  o f  th e  y i e l d  
lo ad  o f  t h e  i d e n t i c a l  beam w i th o u t  o p e n in g .  T h e r e f o r e ,  th e  lo a d in g  
c a p a c i t y  i n c r e a s e s  w i t h  a  d e c r e a s e  o f  t h e  o p e n in g  s i z e .
The r e l a t i o n  be tw een  th e  u l t i m a t e  s h e a r  c a r r i e d  by th e  s p e c i a l  
web r e i n f o r c e m e n t  (V^) and th e  s i z e  o f  th e  o p e n in g s  a r e  g iv e n  i n  T ab le  
5 .1 .
Beam V 'u
S iz e  o f  
Opening 
In c h e s
L ength  o f  O pening/L  
a
A-3-2 0 .5 5  Vu 2% X 9 0 .1 5 (F ig u r e  5 .1 2 )
C-2 0 .4 3  Vu 2% X 6 0 .1 0 ( T e s t  r e s u l t s  o f  beam C-2)
C-3-2 0 .2 6  Vu 2% X 3 0 .0 5 (F ig u r e  5 .1 4 )
T a b le  5 - 1 .  Summary o f  S h e a r  C a r r i e d  
by  th e  Web R e in fo rc e m e n t .
S in c e  t h e  r e l a t i o n  betw een th e  u l t i m a t e  s h e a r  c a r r i e d  by th e  
s p e c i a l  web r e in f o r c e m e n t  and th e  s i z e  o f  th e  o p en in g s  i s  l i n e a r  i t  
( r e l a t i o n )  c a n  be e x p r e s s e d  by th e  fo l lo w in g  e q u a t i o n
V /  = V (0 .1 8  + 2 .5  O f ) ........................5 .1u  u
Where
a  = L e n g th  o f  t h e  opening/Beam  span  l e n g th
U l t im a t e  s h e a r  c a r r i e d  by th e  s p e c i a l  web r e in f o rc e m e n t
V = T o t a l  u l t i m a t e  s h e a r  u
V = T o t a l  s h e a r  fo rc e
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Beams W ith The S p e c i a l  Web R e in fo rc em e n t  
From t e s t  r e s u l t s  o f  8 beams w i th  o p en in g s  2% x 9 , 2% x  6 and
2% X 3 in c h e s  i t  can be s t a t e d  t h a t  beams w i th  o p e n in g s  r e i n f o r c e d  w ith
s p e c i a l  web r e in f o r c e m e n t  behavg i d e n t i c a l l y  to  beams w i th o u t  open ings  
when th e  c o r r e c t  amounts o f  s p e c i a l  web r e in f o r c e m e n t  i s  u se d  a round 
th e  o p e n in g s .
5 . 1 . 5  The E f f e c t  o f  M u l t i p l e  O pen ings  i n  t h e  Webs o f  Beams
Beam D-1 had two o p e n in g s  ( s i z e s  2% x  9 i n c h e s )  l o c a t e d  n e a r
t h e  s u p p o r t s  and was p r o v id e d  w i t h  s p e c i a l  web r e i n f o r c e m e n t .  Beam 
D~2 had  t h r e e  o p e n in g s ;  two n e a r  th e  s u p p o r t s .  The beams were r e i n ­
f o r c e d  w i th  s p e c i a l  web r e i n f o r c e m e n t .  The b e h a v io r  ( l o a d - d e f l e c t i o n  
and m o m e n t - r o ta t io n  r e s p o n s e s )  o f  th e s e  beams w ere s i m i l a r  to  th e  con­
t r o l  beam B -1 . The o n ly  d i f f e r e n c e  was t h a t  th e  y i e l d  lo a d  o f  beam D-2
was a p p ro x im a te ly  20 p e r c e n t  l e s s  th a n  t h a t  o f  beam B-1 ( F ig u r e s  5 .15  
and 5 .1 6 )  .
T h e r e f o r e ,  beams w i th  two o r  t h r e e  o p en ings  behave  s i m i l a r l y  
t o  beams w i th o u t  o p en ings  when t h e  s e c t i o n s  c o n ta i n in g  th e  open ings  
a r e  a d e q u a t e ly  r e i n f o r c e d  w i th  s p e c i a l  web r e i n f o r c e m e n t .  O b v io u s ly ,  
i n  t h e  l i m i t i n g  c a se  o f  a  v e ry  l a r g e  number o f  f i n i t e  s i z e d  o p e n in g s ,  
t h e  b e h a v io r  o f  th e  beams would b e  a f f e c t e d .
5 .1 6  The E f f e c t  o f  S hear  Span R a t i o  on Beams W ith O penings
T h re e  v a lu e s  o f  s h e a r  r a t i o s  w ere i n v e s t i g a t e d  ( 3 .7 8 ,  5 .4  and
7 .2 )  on beams w i th  o p e n in g s  s i z e  2% x 9 i n c h e s ,  The s e c t i o n s  c o n t a i n ­
in g  th e  o p e n in g  were r e i n f o r c e d  w i th  s p e c i a l  web r e i n f o r c e m e n t .  The 





^ 5 . 0
TJ(U•H
—  T1—i
T'heor*J-i'CA{ 6  — I
T-ejil- B -
0 - 2 .
0 0 o.z 0.6 0 . 3
Deflection (in.)
Figure 5.15 Applied Load Versus Vertical





TllcflK«.h’C*l S  -I
D -  Z  w . rl, 3  o p « ^ i" a ‘




R o t a t i o n
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a t  t h e  c e n t e r  o f  th e  o p e n in g .  A l l  beams behaved  s i m i l a r  to  th e  c o n t r o l  
beam A - l .  The o n ly  n o t i c e a b l e  d i f f e r e n c e  be tw een  t h e  beams was th e  p r o ­
g r e s s i o n  o f  c r a c k s  a rq u n d  th e  o p e n in g s .  To f in d  th e  e f f e c t  o f  th e  s h q a r  
span  r a t i o ,  s i m i l a r  c r a c k in g  f o r  a l l  beams was compared w i th  s h e a r  span  
r a t i o ,  s h e a r  f o y c e ,  b e n d in g  moment and amount o f  web r e in f o rc e m e n t  as  
shown in  F ig u r e s  5 .2 1  and 5 .2 2 .  The r e s u l t s  o f  t h i s  com parison  a re  
shown in  F ig u re s  5 .1 7  and 5 .1 8 ,  a l s o  a  summary o f  th e  r e s u l t s  a r e  g iv e n  
in  T ab le  5 .1 .
The i n v e s t i g a t i o n  o f  th e  c r a c k s  and th e  c o r r e s p o n d in g  s h e a r in g  
f o r c e s  i n d i c a t e d  c e r t a i n  d e f i n i t e  t r e n d s .  F o r  exam ple, th e  s h e a r  
s t r e n g t h  i n c r e a s e d  w i th  th e  i n c r e a s e  o f  t h e  s h e a r  span  r a t i o .  When th e  
s h e a r  span  r a t i o  in c r e a s e d  from 3 .7 8  t o  5 . 5 ,  t h e  s h e a r  s t r e n g t h  o f  th e  
beam i n c r e a s e d  a p p ro x im a te ly  33 p e r c e n t .  However, th e  f u r t h e r  i n c r e a s e  
o f  t h e  s h e a r  span  r a t i o  d id  n o t  i n c r e a s e  t h e  s t r e n g t h  as  shown in  F i g ­
u r e  5 .1 9 .




R a t io
Web 
R e i n f o r c e -  
ment
Bending 
C rack ing  
Level 1 
F ig .  5 .1 7
C ra c k in g  
L e v e l  2 
F i g .  5 .1 8
C rack ing  
L evel 1 
F ig .  5 .17
C rack in g  
L eve l  2 
F ig .  5 .1 8
A -3-2 3 .7 8 3 # 3 13 .9 2 7 .8 1 .32 2 .6 4
E-2 5 .4 2 # 3 2 7 .6 6 0 .0 1 .84 4 .0
E-1 7 .0 1 # 3 2 5 .4 2 .42
E-3 7 .2 1 # 3 40 .0 7 2 .0 2 .0 3 .6
T ab le  5 .2 Summary o f th e  r e s u l t s  o f th e  e f f e c t
o f shear span r a tio .
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Figure 5.18 Cracking Level 2 Versus Bending











8 94 6 72/ 5
Shear Span Ratio a/d
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Versus Shear Span Ratio a/d ,
I l l
5 .2  P ro p o sed  D esign  C r i t e r i a
No s p e c i a l  web r e in f o r c e m e n t  i s  r e q u i r e d  f o r  beams w i t h  a s e c ­
t i o n  c o n ta i n in g  an  open ing  i f  t h i s  s e c t i o n  w i l l  be s u b j e c t e d  t o  b end ing  
moment o n ly .
S p e c i a l  web r e in f o rc e m e n t  i s  r& qu ired  when th e  s e c t i o n  c o n t a i n ­
in g  an o p e n in g  i s  s u b je c t e d  to  b e n d in g  moment and s h e a r in g  f o r c e .
D es ig n  o f  th e  a r e a  o f  s p e c i a l  web r e in f o rc e m e n t  r e q u i r e d :
L e t ,  a  = Length o f  th e  o p e n in g / l e n g t h  o f  t h e  beam span  
B = H e ig h t  o f  th e  o p e n i n g / t o t a l  d e p th  o f  th e  beam 
a /d  -  Shear span  r a t i o
f  = Top chord  t h i c k n e s s / t o t a l  d e p th  o f  t h e  beam 
t  = T o ta l  d ep th  o f  beam
9 = Angle o f  i n c l i n a t i o n  o f  th e  web r e in f o r c e m e n t  w i th  
the  h o r i z o n t a l  ( F ig u r e  5 .1 5 )
Q = Y ie ld  l o a d / f a i l u r e  lo a d  = 0 .85
Then,
V
R e s t r i c t i o n s
1 r  \  ( 0 .1 8  + 2 .5  Of) I L  a /d  - 3 .7 8  \
Q L s i n  0 X 0 .6 0  fy J  L  5 .1 6  J
5 .1
(1) The beam i s  s im p ly  s u p p o r te d
(2) a /d  > 3 .78  and < 0 .33
(3) t / L  = 0 .1
(4) S lab  th ic k n e s s  > O .lV t
(5) B < 0 .45
(6) O' < 0 . 1 5
(7) f  = 0 .33
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T h is  d e s ig n  fo rm ula  i s  b a sed  on th e  f o l lo w in g :
(1) S hear  s t r e n g t h  d e c r e a s e s  a s  t h e  l e n g th  o f  th e  o p e n in g  i n ­
c r e a s e s  ( i . e .  = -  V j,(0 .18 + 2 .5 a )  ( S e c t io n  5 . 1 . 4 )
(2) S hear  s t r e n g t h  i n c r e a s e s  33 p e r c e n t  by th e  i n c r e a s e  o f
s h e a r  span  i n c r e a s e s  from 3 .7 8  to  5 .5
(3) The v a lu e  o f  s t r e s s  i n  th e  web r e in f o rc e m e n t  was red u ced
( i . e . ,  f  = 0 .6 0 f  ) to  a v o id  e s c e s s i v e  s t r a i n s  
V  y
(4) The s p e c i a l  web r e in f o r c e m e n t  r e s i s t s  th e  s t r e s s e s  i n  a 
manner s i m i l a r  to  t r u s s  a c t i o n  ( i . e . ,  c = g (Fig* 5 .1 3 )  
N o te :  A rc -w e ld in g  i s  e s s e n t i a l  a t  p o i n t s  o f  i n t e r s e c t i o n
o f  a l l  web r e i n f o r c e m e n t .
The a r e a  o f  s p e c i a l  web r e in f o r c e m e n t  (A^) f o r  s e v en  beams t e s t e d  
and A^ c a l c u l a t e d  from  e q u a t io n  5-2  a r e  l i s t e d  i n  T ab le  5 -3 .
Beam
Vu
C a l c u la te d
(K)






C a lc .
A
V
t e s t
A-3-2 4 .4 3 .78 0 .267 51 .0 0 .8 5 0 .35 0 .3 3
C-2 4 .4 3 .78 0 .320 5 1 .0 0 .8 5 0 .22 0 .2 2
C -3-2 4 .4 3 .78 0 .640 51 .0 J»<45 0 .0 8 0 .1 1  *
E-1 2 .4 7 .0 0 .267 5 1 .0 0 .8 5 0 .127 0 .1 1
E-2 2 .35 5 .4 0 .267 5 1 .0 0 .8 5 0 .125 0 .1 1
E-3 4 .4 7 .2 0 .267 5 1 .0 0 .8 5 0 .23 0 .2 2
D-1 4 .4 3 .78 0 .267 5 1 .0 0 .8 5 0 .35 0 .3 3
T ab le  5-3 The o b se rv e d  v a lu e  A ^ ( t e s t ) ,  
and th e  c a l c u l a t e d  v a lu e  A ^ (C a lc . )
*The d i f f e r e n c e  be tw een  th e  c a l c u l a t e d  v a lu e  (by th e  u s e  o f  th e
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F o o tn o te  c o n t in u e d .
e m p i r i c a l  e q u a t i o n  d e r iv e d  above) ( C a l . )  and th e  e x p e r i m e n t a l l y  ob­
s e rv e d  v a lu e  A y ( t e s t )  i s  due to  t h e  p r e s s u r e  o f  more r e i n f o r c i n g  s t e e l  
i n  beam C -3-2  th a n  a c t u a l l y  n e e d ed .
CHAPTER VI 
CONCLUSIONS AND RECOMMENDATIONS
6 .1  G e n e ra l
As s t a t e d  e a r l i e r  t h e  p r im a ry  o b j e c t i v e s  o f  t h i s  s tu d y  o f  l a r g e  
o p e n in g s  i n  th e  webs o f  r e i n f o r c e d  c o n c r e te  T-Beams were as  fo l lo w s :
(a )  To d e te rm in e  t h e  m ost e f f e c t i v e  ty p e  o f  r e in f o rc e m e n t  to  
be used  around th e  o p e n in g s ,
(b )  To d e te rm in e  th e  optimum amount o f  r e in f o rc e m e n t  w i th  r e ­
s p e c t  t o  th e  s i z e  o f  th e  o p e n in g s .
( c )  To d e te rm in e  some o f  th e  e f f e c t s  o f  lo a d in g  ty p e  ( i . e . ,  one-
p o i n t  lo a d in g  arid tw o ^ p o in t  l o a d i n g ) .
(d )  To d e te rm in e  th e  e f f e c t  o f  v a r i a t i o n s  i n  th e  s h e a r  span  ( a / d ) .
(e )  To s tu d y  th e  e f f e c t  o f  m u l t i p l e  o p e n in g s .
( f )  To d ev e lo p  an e q u a t io n  t h a t  co u ld  be used  to  c o n s e r v a t i v e l y  
d e s ig n  th e  s t e e l  a r e a  r e q u i r e d  f o r  the  s p e c i a l  web r e i n ­
fo rcem ent when l a r g e  o pen ings  a r e  p r e s e n t .
A t o t a l  o f  f i f t e e n  r e i n f o r c e d  m ic r o c o n c r e te  s im p le  s u p p o r te d  T- 
Beams h a v in g  l a r g e  o p en in g s  w ere c o n s t r u c t e d  and lo ad ed  m o n o to n ic a l ly  
to  c o l l a p s e  w i th  c o n c e n t r a t e d  l o a d i n g s .  The l o a d - d e f l e c t i o n  r e s p o n s e ,  
m o m e n t - r o ta t io n  r e s p o n s e s ,  lo a d  v e r s u s  c r a c k in g  and lo a d - s p a n  d e f l e c t ­
io n s  w ere compared t o  th o se  o f  two beams w i th o u t  o p e n in g s .  The t h e o r e t i ­
c a l  l o a d - d e f l e c t i o n  r e s p o n s e s  and m o m e n t- ro ta t io n  r e s p o n s e s  o f  t h e s e
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two beams w i th o u t  o p en ings  w ere a l s o  compared w i th  t h e  e x p e r im e n ta l  r e ­
s u l t s  .
6 .2  C o n c lu s io n s
The fo l lo w in g  c o n c lu s io n s  a r e  j u s t i f i e d  by th e  t e s t  r e s u l t s :
1. Beams w i th  an o p en in g  0 .4 2 d  x 1 .5 d  o r  s m a l l e r  w i th o u t  s p e c ­
i a l  web r e in f o r c e m e n t  and  s u b j e c t  to  b e n d in g  moments on ly  
behave s i m i l a r  to  beams w i th o u t  o p e n in g s .
2. Beams w i th  an o p en in g  w i th o u t  s p e c i a l  web r e in f o r c e m e n t  
and s u b j e c t  t o  s h e a r i n g  fo rc e  and b en d in g  moment w i l l  f a i l  
due to  d ia g o n a l  t e n s i o n  by c o rn e r  c r a c k in g  o f  t h e  open ing  
a t  a low lo a d  l e v e l .
3. Beams w i th  o p e n in g s  s u b j e c t  to  s h e a r in g  f o r c e s  and bend ing  
moments, r e i n f o r c e d  by a  type  o f  r e in f o r c e m e n t  b a sed  on 
p r o g r e s s io n  o f  c r a c k in g  (This type  o f  r e i n f o r c e m e n t  was 
used  by L o re n ts e n  (5) and N a s s e r ,  e t  a l .  (7)) showed h ig h  
r o t a t i o n  and d e f l e c t i o n  w ith  r e s p e c t  to  t h e  lo a d in g  and 
c o n c e n t r a t i o n  o f  s t r e s s e s  a t  th e  c o r n e r s  o f  t h e  o p e n in g s .  
S ince  beams r e i n f o r c e d  w i th  t h i s  ty p e  o f  r e in f o r c e m e n t  w i l l  
be e x tre m e ly  h i g h l y  s t r e s s e d ,  th e  r e in f o r c e m e n t  r e q u i r e ­
ments r e n d e r  t h e s e  members i m p r a c t i c a l  and un e c o n o m ica l .
Thus th e  p r e v io u s  t h e o r e t i c a l  s t u d i e s  c o n c e rn e d  w i th  th e  de­
s ig n  o f  t h i s  r e i n f o r c e m e n t  w i th  t h e s e  m ethods a r e  o f  no 
p r a c t i c a l  v a lu e .
4. Beams w i th  t h e i r  o p e n in g s  r e i n f o r c e d  by th e  method p r e s e n te d  
in  t h i s  s tu d y  (T h is  t y p e  o f  web r e in f o r c e m e n t  was b u i l t  
s p e c i a l l y  to  r e s t r a i n  r o t a t i o n  o f  th e  s e c t i o n  c o n ta i n in g
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t h e  o p en in g  and t o  r e s i s t  s h e a r i n g  f o r c e s )  behaved  s i m i l a r  
( l o a d - d e f l e c t i o n  and moment r o t a t i o n  r e s p o n s e s )  to  beams 
w i t h o u t  op en in g .
5 . The s t r e n g t h  o f  beams w i th  o p e n in g s  and w i th o u t  r e i n f o r c e ­
m ent i s  g r e a t l y  r e d u c e d  by t h e  i n c r e a s e  o f  th e  l e n g t h  o f  
o p e n in g s .
6 . The amount o f  s p e c i a l  web r e i n f o r c e m e n t  n e c e s s a r y  to  com­
p e n s a t e  f o r  th e  s h e a r  s t r e n g t h  l o s t  i s  a f u n c t i o n  o f  th e  
l e n g t h  o f  op en in g .
7. The s h e a r  s t r e n g t h  o f  beams w i th  o p en in g s  i n c r e a s e d  by a p ­
p r o x im a te ly  33 p e r c e n t  a s  s h e a r  span  r a t i o  i n c r e a s e d  from 
3 .7 8  to  5 .5 .  A f u r t h e r  i n c r e a s e  in  th e  s h e a r  span  r a t i o  
d i d  n o t  i n c r e a s e  th e  s h e a r i n g  s t r e n g t h .
8 . Beams w ith  m u l t i p l e  o p e n in g s  (maximum o f  t h r e e )  r e i n f o r c e d  
w i th  s p e c i a l  web r e i n f o r c e m e n t  behaved  i n  a m anner s i m i l a r  
to  th e  beams w i th o u t  o p e n i n g s .
9. An e m p i r i c a l  fo rm ula  b a sed  on  th e  r e s u l t s  o f  t h i s  s tu d y  f o r  
th e  c a l c u l a t i o n  o f  r e i n f o r c e m e n t  r e q u i r e m e n ts  n e a r  l a r g e  
op en in g s  i n  th e  web o f  T-Beams i s  g iv en  below:
1_ r  Vu  ( 0 .1 8  + 2 . 5 a ) 1 r  , a /d  -  3 .7 8  \ 
Q [_ Sine O.eOf J L 5 .1 6  J
■  ■
W here ,
A = Area o f  s p e c i a l  web r e in f o rc e m e n t
V
V = T o ta l  s h e a r  fo rc e
9 = Angle be tw een  th e  to p  i n c l i n e d  web r e i n f o r c i n g  b a r s  
and th e  h o r i z o n t a l
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Of = Length  o f  o p e n in g / l e n g t h  o f  beam span  
a / d  = Shear  span  r a t i o
Q F Y ie ld  l o a d / f a i l u r e  lo a d  = 0 .8 5  
R e f e r  to  S e c t io n  5 .2  f o r  s p e c i a l  r e s t r i c t i o n s  w hich m ust be 
o b s e rv e d  when u s in g  th e  e q u a t i o n .
6 .3  Recommendations
Web r e in f o r c e m e n t  s u g g e s te d  by N a s s e r ,  e t  a l .  (7) and L o r e n ts e n
(5) d i d  n o t  r e l i e v e  th e  h ig h  c o n c e n t r a t i o n  o f  s t r e s s e s  in  t h e  beam s, e s ­
p e c i a l l y  a t  th e  c o r n e r s  o f  th e  o p e n in g s .  The type  o f  web r e in f o r c e m e n t  
p ro p o se d  and used  i n  t h i s  s tu d y  p ro v ed  to  be a d e q u a te .
The s u g g e s te d  d e s ig n  e m p i r i c a l  fo rm u la  p r e s e n te d  h e r e i n  c a n  be 
used  f o r  p r a c t i c a l  p u rp o se s  p ro v id e d  t h a t  none o f  th e  r e s t r i c t i o n s  
a r e  v i o l a t e d .
6 .4  S u g g e s t io n s  For F u tu re  R e se a rc h
More t e s t s  a r e  needed  to  e x te n d  th e  su g g e s te d  d e s ig n  e m p i r i c a l  
fo rm u la  to  i n c l u d e  a l l  v a r i a b l e s  t h a t  may i n f lu e n c e  t h e  s t r e n g t h  o f  
th e  beam. F o r  exam ple, such s t u d i e s  c o u ld  in c lu d e  th e  e f f e c t s  o f  (a )  
f u r t h e r  v a r i a t i o n s  i n  g e o m e tr ic  p a r a m e te r s ,  (b) th e  t im e  d ep en d en t  
p a r a m e t e r s ,  and (c )  load  h i s t o r y .
BIBLIOGRAPHY
1. A lam i, g . , "Accuracy o f  M odels Used In  R esea rch  on  R e in fo rc e d  Con­
c r e t e , "  a  d i s s e r t a t i o n  p r e s e n t e d  to  th e  U n i v e r s i t y  o f  T exas ,  
A u s t in ,  T exas , i n  p a r t i a l  f u l f i l l m e n t  o f  th e  r e q u i r e m e n ts  
f o r  th e  D octor  p f  P h i lo s o p h y  d e g r e e ,  June  1962.
2 . A lam i, Z. and P. F e rg u so n ,  "A ccuracy  o f  Models Used i n  R e se a rc h
o f  R e in fo rc e d  C o n c r e t e , "  ACT J o u r n a l  P r o c . V o l .  60, Nov. 1963, 
p . 1643.
3. B ake r ,  R ic h a rd  M. " D is c u s s io n  o f  L arge  Openings i n  Beams," J o u r n a l
o f  ACI, Vol. 64, J u ly  1967, p p . 418-419 , and ACT J o u r n a l  P r o c . ,  
V ol. 63, p p . 1793-19794.
4 .  B u r to n ,  Kenneth T. " I n f lu e n c e  o f  Embedded S e r v ic e  D ucts  on th e
S t r e n g th  o f  C on tinuous  R e in fo rc e d  C o n c re te  T-Beam s,"  J o u r n a l  
o f  th e  ACI. Vol. 62 , O c t .  1965, p p . 1327-1344.
5. L o r e n t s e n ,  M ., "H oles i n  R e in fo r c e d  C o n c re te  G i r d e r s , "  Buggmas-
t a r e n  (S tockho lm ), V ol. 4 1 ,  No. 7 , J u ly  1962, p p . 1 -1 3 ,  a l s o ,  
In fo rm a l  R eport  t r a n s l a t e d  by P o r t l a n d  Cement A s s o c i a t i o n ,  
p p . 141-152.
6. M a tlock , A . ,  " S t r u c t u r a l  Model T e s t i n g  - Theory and A p p l i c a t i o n s , "
J o u r n a l  o f  th e  PCA R e se a rc h  and Development L a b o r a t o r i e s .
V ol. 4 ,  No. 3, S e p t .  1962.
7. N a s s e r ,  K.W., A. A c a v a lo s ,  and H.R. D a n ie l ,  "B ehav io r  and D esign
o f  l a r g e  Openings i n  R e in fo rc e d  C o n c re te  Beams," ACI J o u r n a l , 
V ol. 64, J a n .  1967, p p . 25 -33 .
8 . P a h l ,  P . ,  K. Soosaax , and R. H ansen, " S t r u c t u r a l  Models f o r
A r c h i t e c t u r a l  and E n g in e e r in g  E d u c a t io n ,"  R 64-3 , D ep t ,  o f  
C i v i l  E n g in e e r in g ,  M .I .T ,  Cam bridge, M a ss . ,  Feb . 1964.
9. S e g n e r ,  E .P . ,  J r . ,  " R e in fo rc e d  R equ irem en ts  f o r  G i r d e r  Web Open­
i n g s , "  P r o c e e d in g s .  ASCE. V ol. 90, ST3, P ap e r  3919, June  1964, 
p p . 147-164.
118
APPENDIX A 








DIMENSION ES B I% 10< ,F S T I% 10<
COMMON N S I , E P 3 ,P H I ,E P S IO ,F P P C ,F C O N C ,F S T ? A C O N C ,P C A L C ,A S T ,H S T ,F P C  
COMMON E P S M A X ,F S B Is F S T I ,E S B I* E S T I  
PROGRAM LDDFN 
9 9 9  FORMAT %1H1<
LD F40080
L D F70010
L 0 F 7 0 0 6 0
1 FORMAT ? / 30H TABLE I« CONTROL DATA / /
1 40H NUM SECTION INCS # 1 5 ,  /
2 40H MAX ALLOWABLE COMP STRAIN 1 E 1 0 . 3 ,  /
3 48H DELTA PHI VARIES, /
5 40  H SPAN 1 E 1 0 . 3 ,  /
4 40M DEPTH # 1 E 1 0 . 3 ,  /
5 40H WIDTH # 1 E 1 0 . 3 ,  /
4 40  H A 1 E 1 0 . 3 ,  /
4 40H B # 1 E 1 0 . 3 ,  /
5 22H BEAM NUMBER , 1 5 , / <
2 !FORMAT?// 4 2 H TABLE 2 .  PROPERTIES OF THE MATERIALS
1 35H CONC CYLINDER STRENGTH # 1 E 1 0 . 3 ,  /
2 35H K FOR FPPC # K * FPC # 1 E 1 0 . 3 ,  /
3 35H STEEL YIELD POINT ?BOT< 1 E 1 0 . 3 ,  /
4 35H STEEL YIELD POINT ?TOP< 1 E 1 0 . 3 ,  /
5 35H STEEL MOD OF ELASTICITY 1 E 1 0 . 3 ,  /
/ /
14 4 1  F0RMAT%//17X,5H SPAN ,7X ,5H  X IN C ,6 X ,5 H  P ,1 0 X ,2 H W U ,9 X ,3 H  A ? 9 X ,3 H  
1 B ,8X ;4H M /M Y /<
1443  FORMAT?/ 4 X ,8 H  R 0 T % 4 1 < ,6 X ,4 H T R H 1 ,7 X ,5 H  TRHM,6X,9H T R I M ? 4 K , 4 X , 6 H  T 
IY ?9<»6X v7H  TY%17<?5X,7H TY %22<,5X,7H TY % 33<,5X,7H  TY%41< / / <
1921 FORMAT?/ 4 X ,7 H  T Y ? 4 9 < ,5 X ,7 H  T Y ? 5 7 < , 5 X , 7 H  T Y ? 6 5 < ? 5 X ,7 H  T Y ? 7 5 < ,5 X ,7 H  
1TY?81< / / <
13<
9 FORMAT ? 2 I 5 , 5 F 1 0 . 0 , 2 F 5 . 0 <
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L # N S l / 2
NN&0
HSTL#OoO 
DO 3 0 1  I * L , N S I  
IF %AST%I<< 3 0 2 , 3 0 1 , 3 0 2  
3 0 2  HSTL#'HSTL&HSr?I<
NN&NN&1 
3 0 1  CONTINUE 
DIV&NN
DHPTHsiHSTL/DI V
STL H T#% H-HSTL/O IV</H
M#0
WRITE % 3 , 9 9 9 <
WRITE % 3 , 3 3 <
3 3  FORMAT % 1 2 X ,5 H  Z M 0 M , 1 5 X , 5 H  P H I , 1 5 X , 5 H  E P S T , 1 5 X , 5 H  E P S 8 <  
1 0 4  EP1#EPSMAX-DELPHI  
K»C
E P 2 Ü 0 . 0 0 1 5 0
1 0 7  E P 3 # % E P l & E P 2 < / 2 . 0
K#K&1 
CALL AXLD
IF 5 g A B S ? P C A L C < - 5 . 0 < 1 0 8 , 1 0 8 ,  1 0 9
1 0 9  IF % K - 9 9 < 1 1 0 , i l 0 , l l l
1 1 0  IF % P C A L C < 1 1 3 , 1 0 8 , 1 1 2
1 1 2  E P 2 # E P 3  
GO TO 1 0 7
1 1 3  6 P i # E P 3  
GO TO 10  7
1 1 1  WRITE % 3,1 1 4 <P C A L C
1 1 4  FORMAT %5X,30HPCALC DID NOT CONVERGE ON P , 1 E 1 0 . 3 <
1 0 8  E P ST # E P 3  
EPSB#EP3&H»PH I  
ZMGM/IOcO
DO 1 1 5  J # 1 , N S I
1 1 5  ZMGM#ZMOM&%HST%J<-HCL<»%FCONC%J<&FST%J«
L D F 7 0 5 1 0
L D F 7 0 5 5 0  
L D F 7 0 5 6 0  
L D F 7 0 5 8 0  
L D F 7 0 5 9 0  
L DF7 0 6 0 0  
L 0 F 7 0 6 1 0  
L D F 7 0 6 2 0
L D F 7 Q 6 5 0
L D F 7 0 6 7 0  
L D F 7 0 6 B 0  
L D F 7 0 6 9 0  
LDF7 0 7 0 0  
L D F 7 0 7 1 0  
L D F 7 0 7 2 0  
L D F 7 0 7 3 0  
L D F 7 0 7 4 0  
L O F 7 0 7 5 0  
L D F 7 0 7 7 0  
L D F 7 0 7 9 0
N5h-»
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C f r  X • U .y*-/ U .u Ir-I 1-4 :X X »-*4UL Q  %. >* a X u zz 'Zi Ü L : .U IX. Z) - L l U X. a X O C ÜJ L U %: O Ul
i?!Z a. i l ' u w o a . '.g H-. a — L ' ) o. n . o a LO ]'-% U. i .C c 1 - 1 T . O zx
• t i V r r .T- 0, rf, T "0 mN \0 C W C • w :.n > t m N «3-
•-H r - l iT ro X! T ‘ *.o #"4 o <r s T:0 X • 0 ■n f - j
4 4 )  FÜPMAT ’S13X ,2 3H M A X  PCSISTING MOMENT ‘4 , r i 2 . 5 , l 4 H  
l l l t  OU  C U R V E . / / 1 3 X , 1 ‘)HVIkL.d MOMENT #
WRITE % 3 , 9 9 9 <
W R I T R % 3 ,4 y 7 <
4 9 7  FORMAT 3 1 2 X , 5 H  Z M O H , 1 5 X , 5 W R A T I 0 , 1 5 X , 4 H  FHÏ<
00 499 1 4 1 ,M
RA Tï ÜAÜEND%I</YIÜÜ0M
WRITE g j , 2 4 < B E N D % I < , R A T I O , P H E % I <
4 9 9  CONTINUE 
WRITE 9 3 , 9 9 9 <
0 0  3 3 3  IÜ M M ,3 00  
41  PHL%I<aO.O  
3 3 3  B tM D S K 4 0 .U  




P#%ZNOM/5 P A N </2 . 0 
W#Z%UM/%SPAN*SPAN<
IF ;&A< 5 0 0 , 5 0 1 , 5 0 0
5 01  P f Ü .O
GO TO 5 0 2
5 0 0  W # 0 . 0
5 0 2  W I M W /2 5 ,0  
W 2 & W / 1 0 0 . 0  
ZMCM2*ZMCM*.35  
P C l ü ' P / S . Ü  
P Ç 2 4 P / 5 0 . 0  
WRITE % 3 , 1 4 4 I <
WRITE % 3 , 1 4 4 3 <
5 5 0  CALL C M 0 M % P ,S P A N ,T R I M ,X I N C ,A ,B ,W <
3 0 6 4  DO 3 0 8 0  K# 1 , M
I F %TRIM% K<< 306 5,3 0 6 6 , 3 0 6 7
3 0 6 5  lLê-1,0
I • , 14,
L D F 7 1 1 0 0
LDF70030
LDF71120
L D F 7 0 3 I 0
I D F 7 1 1 8  0  
L D F 7 1 2 1 0
LDF71290
LDF71300
L D F 7 1 3 1 0
NJ(jO
3 0 6 6
3 0 6 7  
7 0 6 7
3 0 6 8
6 0 0 0
6 0 0 1
3 0 6 9
7 0 7 5
7 0 7 6
3 0 7 0
3 0 7 5
3 0 7 6
3 0 7 7  
3 0 8 0  
3 0 8 2
1442
TRM#-1.0*TRIM%K<
GO TO 7 0 6 7  
R O T X K < # 0 .0  
GO TO 3 0 8 0  
22* 1 . 0  
TRM#TR1M%K<
DO 3 0 6 8  L#1,MM
IF  * T R M - B £ N D ? L « 3 0 7 0 f  3 0 6 9 , 3 0 6 8
CONTINUE
GO TO 6 0 0 0
WRITE % 3 , 6 0 0 1 < J , K
FORMAT % 1 X ,1 1 H  FAILURE , 2 I 1 0 / / <  
WRITE % 3 , 9 9 9 <
GO TO 4 0 1 0  
ROT*K<#PHE?L<
IF % 2 2 < 7 0 7 5 , 7 0 7 6 , 3 0 8 0  
ROT *K< # - 1 . 0 * R 0 T % K <
GO TO 3 0 8 0  






X # X l& % % Y A -Y i< /% Y l- Y O <<» % X l-X O <
IF % 2 2 < 3 0 7 5 , 3 0 7 6 , 3 0 7 7
R O T % K < # - 1 .0 * X
GO TO 3 0 8 0
GO TO 4 0 1 0
ROT%K<#X
CONTINUE
CALL S H A P E ? R O T ,X I N C ,T R H l ,T R H M ,T Y ,M <  
R A T U 0 # T R I M ? 4 K / Y L D « 0 M
WRITE % 3 , I 4 4 2 < S P A N , X I N C , P , W , A , 8 , R A T U 0  
FORMAT % 1 3 X , 8 E 1 2 . 4 <
L D F 7 1 3 2 0
L 0 F 7 1 3 3 0
L D F 7 1 3 4 0
L D F 7 1 3 5 0
L D F 7 1 3 6 0
L D F 7 1 3 7 0
L 0 F 7 1 3 9 0
L D F 7 1 4 0 0
L D F 7 1 4 1 0
L 0 F 7 1 4 2 0
L D F 7 1 4 3 0
L 0 F 7 0 0 5 0
L 0 F 7 1 4 5 0  
L D F 7 1 4 6 0  
L D F 7 1 4 7 0  
LD F7 1 4 8 0  
L D F 7 I 4 9 0  
L D F 7 1 5 0 0  
L O F 7 1 5 1 0  
L D F 7 1 5 2 0  
L 0 F 7 1 5 4 0  
L D F 7 1 5 5 0
L D F 7 1 5 8 0  
L D F 7 1 5 9 G  
L D F 7 1 6 0 0  
LDF7 1 6 1 0  
L D F 7 1 6 2 0  
L D F 7 1 6 3 0  
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3 0  F C * 2 c 0 * F P P T * % % E P S / E P T < / % 1 . 0 & % E P S / E P T < * $ 2 . 0 «  7 0 1 5 0
GO TO 5 0  7 0 1 6 0
4 0  I F  % E P S - 0 . 0 0 0 4 < 4 1 , 4 1 , 4 2  7 0 1 7 0
4 1  F C # F P P T - % % E P S - E P T < / % 0 . 0 0 0 3 < < * % - 0 . 0 3 * F P C <  7 0 1 8 0
GO TO 5 0  7 0 1 9 0
4 2  F C # 0 - 0  7 0 2 0 0
5 0  FCONC%J<#ACONC%J<*FC 7 0 2 1 0
1 0 0  PCALC#PCALC£FCONC*J< 7 0 2 3 0
DO 9 9  J # I , N S I
3 0 0  EPS#EP3&HST%J<*PHI 7 0 2 5 0
I F  % A S T % J < * E P S < 1 0 2 , 1 5 0 , 2 0 2
1 0 2  DO 1 1 0  I # l , 1 0  7 0 3 1 0
I F  S E P S - E S T I ? I « I I 0 , 1 0 6 , 1 0 7
1 1 0  CONTINUE 7 0 3 4 0
1 0 6  F S # F S T I % I <  7 0 3 5 0
GO TO 1 5 0  7 0 3 6 0
1 0 7  F S # F S T I % T - 1 < & % E P S - E S T I % 1 - 1 < < * % F S T I % I < - F S T I % I - 1 < < / % E S T I % I < - E S T I % I - 1  7 0 3 7 0  
1 «  7 0 3 8 0
GO TO 1 5 0  7 0 3 9 0
2 0 2  DO 2 1 0  I # l , 1 0  7 0 4 8 0
IF % E P S - E S B I % I < < 2 0 7 , 2 0 6 , 2 1 0
2 1 0  CONTINUE 7 0 5 1 0
2 0 6  f S # F S B I ? I <  7 0 5 2 0
GO TO 1 5 0  7 0 5 3 0
2 0 7  F S # F S B I % I - 1 < & % E P S - E S B I % T - 1 < < * % F S B I % I < - F S 8 I % I - 1 < < / % E S B I % I < - E S B I % I - 1  7 0 5 4 0  
l «  7 0 5 5 0
1 5 0  FST% J<#FS»A ST%J< 7 0 5 9 0
2 0 0  PCALC#PCALC&FST%J< 7 0 6 0 0
9 9  CONTINUE 7 0 6 4 0
RETURN 7 0 6 5 0
END 7 0 6 6 0
SUBROUTINE S H A P E ? 0 T , G , T H 1 , T H M , YD, M<
DIMENSION YD%82<
DIMENSION R% 82<,D T% 82<
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MODEL BEAMS AVERAGE DIMENSIONS
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Web
F la n g e  Width Width S la b
T-Beam In c h e s  I n c h e s  T h ic k n e s s  T o ta l  D epth  Depth
b b ' In c h e s  In c h e s  In c h e s
t  d
A-1 1 2 .0  3 .0  1 .0 6  6 .0 6  5 .5 9
A-2-1 1 2 .0  3 .0  1 .1 0  6 .1 0  5 ,6 3
A -2-2 1 2 .0  3 .0  1 .0 5  6 .05  5 .5 8
A-3-1 1 2 .0  3 .0  1 .0 5  6 .05  5 .5 8
A-3-2 1 2 .0  3 .0  “  i T05 6 .05  5 .5 8
B-1 12 .0  3 .0  1 .05  6 .05  5 .5 8
B-2 1 2 .0  3 .0  1 .03  6 .03  5 .5 8
C-2 1 2 .0  3 .0  1 .0 8  6 .0 8  5 .6 1
C -3-1  12 .0  3 .0  1 .05  6 .05  5 .5 8
C -3-2  1 2 .0  3 .0  1 .05  6 .05  5 .5 8
D-1 12 .0  3 .0  1 .2 0  6 .20  5 .7 3
D-2 1 2 .0  3 .0  1 .05  6 .05  5 .5 8
E-1 12 .0  3 .0  1 .08  6 .0 8  5 .6 1
E-2 12 .0  3 .0  1 .05  6 .05  5 .5 8
E-2 12 .0  3 .0  1 .25  6 .25  5 .7 8





C y l in d e r
S iz e
( in )
Age a t  
Time o f  
T e s t f  c
Com pressive 
R a te  o f  Loading 
p s i / s e c
S t r e n g t h  
No. o f  
C y ls .
A-1 3 .3 5  X 6 .3 28 2960 25 4
A-2-1 3 .3 5  X 6 .7 41 2820 23 4
A-2-2 3 .3 5  X 6 .6 6 2200 18 5
A-3-1 3 .3 5  X 6 .5 14 2830 22 7
A-3-2 3 .3 5  X 6 .6 8 2820 22 4
B-1 3 .3 5  X 6.7 32 3100 26 4
B-2 3 .3 5  X 6 .4 26 4140 34 4
C-2 3 .3 5  X 6 .6 4 3120 26 4
C-3-1 3 .3 5  X 6 .5 35 2480 21 4
C-3-2 3 .3 5  X 6 .5 5 3150 25 4
0-1 3 .3 5  X 6 .5 12 3240 26 4
D-2 3 .3 5  X 6 .5 11 4230 27 4
E-1 3 .3 5  X 6 .5 7 3280 27 4
E-2 4 .1 5  X 8 .1 7 5000 28 2
E-3 4 .1 5  X 8 .0 10 4600 28 3
T ab le  c -1 Summary o f  Models Beams Q u a l i ty
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F ig u r e  C . l  S t r e s s - S t r a i n  Diagram f o r  # 3 Bars 
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Figure C.2 Stress-Strain Diagram for SWG # 13
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Figure C.3 Stress Diagram for # 2 Bars
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Figure C.4 Stress-Strain Diagram for 3/16" Dia. Steel Bars.
VITA
M ichae l  S. D a l l a i  was b o r n  i n  J a f f a ,  P a l e s t i n e ,  on December 26, 
1926, th e  son  o f  Sa l im  D a l l a i  and E m il ia  D a l l a i .  A f t e r  g r a d u a t io n  from 
A m iria  High S c h o o l ,  J a f f a ,  P a l e s t i n e ,  i n  1946 he  was employed by th e  
P a l e s t i n e  E d u c a t io n  A d m i n i s t r a t i o n  as  a  t e a c h e r .  I n  Septem ber o f  1950, 
he  e n r o l l e d  a t  C a i ro  U n i v e r s i t y ,  C a i r o ,  U .A .R . , and was awarded th e  
d e g re e  o f  B a c h e lo r  o f  S c ien c e  i n  C i v i l  E n g in e e r in g  i n  J u ly  1955. I n  
Septem ber 1955, h e  was employed a s  a d e s ig n  and c o n s t r u c t i o n  e n g in e e r  
by Othman Ahmad Othman C o r p o r a t io n .  He s e rv e d  i n  t h e i r  main o f f i c e  
i n  C a i r o ,  U.A.R. and t h e i r  o f f i c e  i n  R iy a d ,  Saud i A ra b ia .  I n  Septem­
b e r  1959, h e  was employed by th e  Highway D e p a r tm en t ,  R iyad , Saud i 
A ra b ia ,  as  d e s ig n  and i n s p e c t o r  e n g in e e r ,  a t  th e  same tim e he  was a 
c o n s u l t a n t  f o r  R iyad  Bank, Saud i A r a b ia .  I n  S ep tem ber, 1962, he came 
to  U .S .A . and e n r o l l e d  a t  th e  U n i v e r s i t y  o f  Oklahoma, Norman, Oklahoma.
He was awarded th e  d e g re e  o f  M a s te r  o f  S c ie n c e  in  C i v i l  E n g in e e r in g  in  
August 1963. I n  Septem ber, 1965, he was employed by Old Dominion C o l le g e j  
N o r f o lk ,  V i r g i n i a ,  as  C h ie f  I n s t r u c t o r  and Head o f  C i v i l  E n g in e e r in g  
Techno logy . I n  August 1967, he  r e t u r n e d  to  th e  U n i v e r s i t y  o f  Oklahoma.
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